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ABSTRACT
THERMOSET RECYCLING VIA HIGH-PRESSURE HIGH-TEMPERTURE
SINTERING: REVISITING THE EFFECT OF INTERCHANGE CHEMISTRY
MAY 2002
JEREMY E. MORIN, B.S. UNIVERSITY OF CONNECTICUT
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D. UNIVESRITY OF MASSACHSUETTS AMHERST
Directed by: Professor Richard J. Farris
In 1844 Charles Goodyear obtained U. S. Patent #3,633 for his "Gum Elastic
Composition". " In a published circular, which describes his patent for the sulfur
vulcanization of gum elastic composition, he stated: 'Wo degree of heat, without blaze,
can melt it (rubber) ...It resists the most powerful chemical reagents. Aquafortis (nitric
acid;, sulphuric acid, essential and common oils, turpentine and other solvents "
Goodyear' s sulfur vulcanization of rubber fueled much of the industrial revolution and
made transportation possible, as it exists today. In doing so, Goodyear created one of the
most difficult materials to recycle. Rubber will not melt, dissolve, or lend itself to the
usual methods of chemical decomposition. Ironically, Goodyear recognized this problem
and in 1853 he patented the process of adding ground rubber to virgin material, now
currently known as regrind blending. 3 Today, scrap tires represent one of the most
serious sources of pollution in the world. Studies estimate that there are roughly 2 billion
scrap tires in U. S. landfills and more are being added at a rate of over 273 million tires
vi
per year.
4
Current methods of recycling waste tires are crude, ineffective, and use rubber
powder as a low cost filler instead of a new rubber. 4
" 14
The groundwork for a very simple and effective method of producing high-quality
rubber goods using 100% scrap rubber was discovered in 1944 by A.V. Tobolsky et al.' 5 "
19
This application, however, was not recognized until recently in our laboratory. The
process as studied to date represents a method of creating quality, high-value added
rubber goods with nothing other than heat and pressure. High pressure is required to
obtain a void-free compaction of the rubber particles by forcing all of the free surfaces
into intimate contact. High temperature then activates the chemical rearrangement,
scission, and reformation of the chemical bonds thus providing new bridges between the
once fractured interfaces. This occurs both within and between particles. The technique
of high-pressure high-temperature sintering has worked on all types of thermoset
materials. Typical mechanical properties for sintered SBR powder rubber are as follows:
1
.3 MPa 100% Modulus, 12.0 MPa Tensile Strength and 300% Elongation at Break.
The goal of this research is two-fold. First, to gain an understanding of the
variables that control the process of high-pressure high-temperature sintering. Second, to
study the factors governing the mechanism of fusion with the hope of controlling and
exploiting this process so that tires can be recycled to produce high quality and high-
value added products.
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Figure 6.1, 100% modulus versus the inverse of the swelling ratio Q O is the
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degree increments. The squares represent natural rubber sintered with
Perkalmk 900 (an anti-reversion agent from Flexsys Inc.) in the same
temperature range. For the diamonds, the temperature increases from right to
left. However, for the squares, temperature increases from left to right 108
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CHAPTER 1
INTRODUCTION
1.1 Polymer Recycling
The recycling of polymenc materials has become a very important area of
research. It is a large industry that encompasses many different aspects ranging from
legislation, collection, separation, and reuse. For many years industnal scraps and
homogeneous materials were the focus of the recyclmg community, since they are more
easily recycled than a heterogeneous material. However, the recycling of heterogeneous
materials, such as tires, has recently been attempted with some success. Poly(ethylene)
PE and polyethylene terephalate) PET are two materials that are recycled at high
volume. These two materials are easy to recycle since they have low melting
temperatures, can be easily liquefied, and can also be processed by normal shearing
processes (i.e. extrusion and injection molding). Furthermore, PET can be
depolymerized back into monomers, which are capable of being re-polymerized. Most
polymers, such as PE and PET, are thermoplastic. As such, these polymers will melt,
flow, and can usually be dissolved. Although thermoplastics are the simplest polymers
to reuse, they are very difficult to collect and sort. The reason for this is that they are
generally used in small parts, such as plastic bottles or as part of a complex electronic
device, such as a computer or television, which requires dismantling.
Thermosets represent another class of polymers. These materials undergo
"irreversible chemical changes", termed cross-linking, upon thermal shaping. They
represent the most difficult of polymers to recycle. Thermosets are generally used in
high performance applications such as composite materials and tires. They generally
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include polyesters, polyurethanes, phenolics, melamines, epoxies, and chemically cross-
linked rubbers. By far, the largest volume of thermosetting polymers are the chemically
cross-linked rubbers used in tires, seals, etc. These materials are perhaps the most
difficult of all polymers to recycle, as they will not dissolve or melt, as do polymeric
thermoplastics. Nonetheless, this area is the topic of this research. I have discovered an
extremely simple and effective means of obtaining high-quality, high-value added rubber
goods from powder/crumb rubber derived from scrap rubber goods. The physical and
mechanical properties are comparable to products made from virgin rubber. Rubber
powder/crumb is an inexpensive commodity that is commercially available in large
amounts and can be derived from scrap tires.
Rubber is a highly used commodity. In fact, it is the second largest material after
oil, with more and more applications landing on corporate drawing boards daily. 10
Rubbers and cross-linked materials, which are the original polymer industry, account for
an enormous market share of the synthetically produced polymers. There is
approximately one tire discarded for every American annually in the United States. This
totals around 270 million tires and weights approximately 3.4 million tons. 4 According
to Douglas Howell of the Environmental & Energy Study Institute, two to three billion
scrap tires are currently piled up in the United States. He also states that, "For hundreds,
if not thousands, of counties it represents the number one solid waste problem." 8 Current
estimates indicate that the problem is getting worse because waste tires are accumulating
at a rate of three times faster than they are being recycled.
Recycling of rubber is difficult for two major reasons. First, rubbers have
extremely high molecular weights and are chemically cross-linked, which renders them
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insoluble and non-meltable. Second, they are filled with submicron-sized carbon black,
which is almost impossible to separate from the rubber. For these reasons, rubbers
cannot be recycled through conventional techniques. Prior to and during World War II,
when rubber was extremely scarce and very highly valued, techniques were developed to
breakdown the cross-linked nature of the rubber. These techniques utilized high
temperature degradation to devulcanize scrap rubber to recover useful chemicals. These
methods, however, are impractical today due to environmental concerns and economics.
The efforts made during WWII were to reduce our dependency on rubber from Southeast
Asia. A little known fact is that the rationing of gasoline and other fuels was done as
much to conserve rubber, by reducing the miles driven, as it was to conserve fuel. These
efforts were comparable in size and scope to the Manhattan Project. In addition, the
development of synthetic GRS rubber was a major factor in our winning WWII. Several
other synthetic rubbers have since been developed. However, it is interesting to note that
extremely high performance tires, such as those used for aircraft and trucks, still perform
best when made of natural rubber. Rubbers are recycled/reused today in only a few low
technology applications. For example, they are burnt as fuel or used as fillers in other
materials. They are also cut into mats and pads directly from scrap tires. The specific
applications of recycled rubber tires include the following: 4
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• Oil spill absorbing media (powdered rubber with other polymer powders)
• Burnt as a fuel
• Synthetic turf for athletic uses (powder rubber with a binder)
• Artificial ocean reefs (whole tires bundled together)
• Highway crash barriers (whole tires bound together)
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• Concrete component (powder rubber fillers)
• Sound Attenuation (powder rubber fillers in paints and coatings)
• Erosion control (whole tires bound together)
• Roof coatings (powder rubber filler in asphalt shingles)
• Road additive for asphalt highways (powder rubber)
• Retread industry where the tire carcass is reused
• As a low volume additive to virgin rubber goods (powder rubber)
• "Cookie cutting" of parts from whole tires
In most of these applications, the rubber is used as a low volume additive, usually adding
as much as possible without affecting the properties of matrix materials. Although useful
products result, they are all low technology, not high value-added, and most are NOT
RUBBER. These techniques are mostly a means of ridding the world of tons of
unwanted rubber from our landfills. I am proposing a technique that transforms scrap
rubber into a valuable feedstock that can be used to manufacture new rubber goods.
1.2 Tires
Tires are a major industry worldwide, with roughly 1.6 billion of them discarded
yearly.
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Recycling of these tires is very important.4 ' 11
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Tires are easily segregated and
account for a large volume of the polymer waste. One feature that complicates recycling
is that a single tire can contain several different types of rubber. The tread, sidewall, and
inner-lining are usually different formulations of different types of rubber. Typically
butyl rubber is used as the liner because of its good barrier properties. Additionally, SBR
and natural rubber are used for the tread and sidewalls. As previously stated
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heterogeneous materials are typically frowned upon in the recycling community. On the
other hand, since tires are "waste," a recycling company could be paid to accept tires and
therefore have a small overhead for raw material costs. Currently, the cost for disposal in
landfills range from $.60 to $3.00 per tire. For the past several years, waste tire dumps
have gained national attention because of large tire fires at sites in Virginia, Colorado,
Washington, Wisconsin and Minnesota. While tire fires are the most widely publicized
danger of tire dumps, other problems also exist. These include disease-carrying
mosquitoes and rodents that breed in tires, as well as ground and water pollution. The
largest tire dump in the Northeast is located in Smithfield, RI. 7 It contains approximately
20 to 30 million-scrap tires on rural land covering some 14 acres. This dump is an EPA
Superfund site. 7
1.3 Rubber Crumb and Powder
Grinding of cross-linked rubber dates back to 1853 when Charles Goodyear
recognized the necessity of developing a method for utilizing factory waste and worn-out
rubber articles. He was granted a patent for grinding and re-using scrap rubber in the
form of springs or "crumb" British Patent 2933 (1853).
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Goodyear added the crumb to
virgin rubber and then cross-linked it. Therefore, Goodyear is both the father of sulfur
vulcanization and of regrind blending. Regrind blending has been used throughout the
thermoplastic industry for many years. Today there are several ways of producing crumb
rubber from tires. The grinding method used depends upon the desired end product,
mesh size, and configuration. Ambient grinding is accomplished by using cracker mills
or granulators at room temperature through a shearing and tearing process. This process
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creates a particle that is rough and spongy. Cryogenic grinding is another process in
which the rubber is cooled with liquid nitrogen and fractured with a hammer mill. This
powder has less surface area for the same size particles due to the clean-faceted fracture
surface from the frozen and brittle rubber. Finally, Rouse Rubber Industries Inc. uses a
technique of aqueous shear grinding. There are a variety of crumb/powder rubbers
commercially available. Rouse Rubber Industries Inc. produces powders with six
average particle sizes ranging from 44 urn to 174 urn. A typical particle from Rouse is
shown in Figure 1.1. Rouse grinds a variety of vulcanized materials such as natural
rubber, SBR rubber, nitrile rubber, EPDM, butyl rubber, and neoprene rubber. This
company also does custom grinding which provides the opportunity to grind a rubber
used as a control, without antioxidants and other fillers commonly added to rubbers.
Custom grinding also provides a basis for directly comparing the properties of the virgin
material with the thermally fused recycled powders.
70 urn
Magnification of UltraFine™ Particle
Figure 1.1, A SEM photograph of a particle of GF-80 manufactured
by Rouse Rubber. This photograph represents a typical/average
rubber particle. However, due to the grinding process there is a
broad distribution of sizes.
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1.4 Other Rubber Goods
Other rubber products tend to be more homogeneous and are usually made from a
single type of rubber. There are companies that collect and sort waste rubber goods and
industrial scrap from rubber manufacturers for recycling (e.g. fluoroelastomers, silicone
rubber, and polyurethanes). These materials are also typically cross-linked and difficult
to recycle. After grinding, they are mostly used as fillers in other rubber goods by the
original manufacturers. Some of these elastomers are very expensive specialty materials,
such as fluoroelastomers, which can sell for $30 per pound. 20 One Massachusetts
company, Rouse Polymer Northeast, located in Woburn, MA, grinds these types of
rubbers for reuse. Their parent company, Rouse Polymeries International, Inc., located in
Mississippi is one of the pioneers in tire grinding.
1.5 Polymer Powder Sintering
The technology of sintering of metals and ceramics has been known for a long
period of time and dates back thousands of years to the formation of bricks and pottery.
Polymer powder sintering has some specific uses such as powder coated metals, porous
filters for fluids, extremely large containers, and boats. Poly(tetrafluoroethlyene)
[PTFE], also known as Teflon®, and ultra high molecular weight poly(ethylene)
[UHMWPE], and Dupont's Vespel (a polyimide) are three common polymers where
powder processing is preferred over conventional processing methods because of high
melt viscosities. PTFE and UHMWPE are processed through various sintering
techniques such as compaction molding, rotational molding, powder coating, and ram
extrusion. PTFE and UHMWPE, like natural rubber, have extremely high molecular
7
weights and do not readily flow in their melt state. This extremely high viscosity makes
shear processing (extrusion and injection molding) impractical. The process of sintering
PTFE and UHMWPE is very similar to my high-pressure high-temperature fusion of
rubber powders. The rubber powders "sinter" due to chemical rearrangement of primary
chemical bonds at elevated temperatures across interfaces. Sintering of PTFE and
UHMWPE is a process of surface crystal melting, diffusion, and recrystallization. These
processes are similar to that of ceramics and metals.
1.6 Chemical Interchange Reactions
Chemical stress relaxation was discovered in the 1940's in an investigation of
cross-linked (vulcanized) rubbers including: natural rubber, neoprene, butyl, butadiene-
styrene copolymers, and butadiene-acrylonitrile copolymers. 15
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Despite the fact that the
rubbers are cross-linked and should show virtually no stress relaxation at elevated
temperatures, it was discovered that at approximately 100 to 150°C there is a fairly rapid
decay to zero stress at a constant strain. This is shown for polyethylene tetrasulfides)
[PETS] in Figure 1.2. The onset point of the interchange reaction is a function of the
cross-link density. The onset temperature increases as the cross-link density increases.
The stress decay is attributed to a chemical rupture of the rubber network. During the
chemical stress relaxation experiments, it was observed that some rubbers became
progressively softer, such as butyl rubber; however, others rubbers such as SBR, became
harder even though the stress was decaying. At elevated temperatures the following two
reactions occurred: chemical scission and additional cross-linking.
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Figure 1.2, The effect of modulus of polyethylene tetrasulfide) as a
function of temperature, showing the chemical stress relaxation. The
various curves represent different cross-link density as noted above
for each of the curves. [After W. J. MacKnight and A.V. Tobolsky
"Polymeric Sulfur and Related Polymers."]
When a rubber is held at a constant length, the scission of the original chemical network
leads to the stress relaxation. The additional cross-linking reaction does not affect the
stress of the sample held at constant length, unless there is sufficient cross-linking for a
significant volume change. In other words, the new network is formed in a relaxed state
and therefore would not contribute to the stress. In order to separate the two reactions,
two stress relaxation tests were developed by Tobolsky et al. He coined the terms
"Continuous" and "Intermittent" for these two stress relaxation methods. The continuous
test is the usual method of stress relaxation. A sample is continuously held at a fixed
length while the stress is monitored as a function of time. According to the assumptions
stated above, this test provides information about the effect of chemical scission. In the
intermittent test, the sample is maintained in a relaxed, unstrained state. Then at various
timed intervals the rubber is stretched, the equilibrium stress is measured, and the sample
is returned to the relaxed unstrained state. This test therefore reflects the combined effect
of the chemical scission and cross-linking by measuring the modulus of the material. It-
only the chemical scission occurs, the continuous and intermittent curves will be
identical. The additional cross-linking bonds can be attributed to relinking of the broken
cross-links or recombining of the radicals. Figure 1.3 shows natural rubber cured by
radiation cross-linking (a) and sulfur cured (b). 18 The additional cross-linking has three
causes. First, the additional cross-linking of unreacted vulcanizing agents; Second, the
recombining of chains broken by the chain scission reaction, and Third, oxidative cross-
linking. In Figure 1.3a, the continuous and intermittent tests are essentially identical.
Since the samples were cross-linked with an electron beam, there is no additional cross-
linking through unreacted chemical cross-linking compounds. Based upon this data, one
can conclude for the case of radiation chemistry of natural rubber that when a bond
breaks no bond reforms. Figure 1.3b illustrates additional chemistry occurring which
leads to a slower decay of the intermittent plot. The rate of bond rupture and that of bond
reformation remains essentially constant, especially in the absence of oxygen. In other
words, bonds are constantly being broken due to scission and are constantly being
reformed. This is the mechanism that makes the high-pressure high-temperature fusion
of powdered rubber possible. The temperatures must be in the range where chemical
scission occurs and pressure is required to force the interfaces together. This process thus
allows the interchange reactions to occur across the interfaces both within and between
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particles. When this is done, it is simply a matter of time until rubbers will recomb
and exhibit little difference in properties from the original material.
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Figure 1.3, Continuous and intermittent stress-relaxation curves at
130 C for natural rubber (a) radiation cure and (b) sulfur cure.
f(t)/f(0) is the ratio of stress at time (t) over the initial stress [f(0)].
Changes in this ratio represent changes in the original or total cross-
link density, depending upon whether the test is intermittent or
continuous. [After A. V. Tobolsky "Properties and Structures of
Polymers."]
These types of reactions are known to occur in other rubber systems, such as silicone and
polyurethanes. Figure 1.4 shows the effect of temperature on the continuous stress
relaxation of polysulfide rubbers. The figure shows that as temperature increases the
relaxation occurs faster.
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Figure 1.5 illustrates the continuous and intermittent stress
relaxation of polysulfide rubber. 1 The intermittent stress relaxation yields information
about the structure of the cross-link network. The total number of cross-links as a
function of time does not change for polysulfide rubber. Additionally, the degree of
permanent set can be accurately predicted from the two types of stress relaxation
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experiments as shown in F lgure 1 .5. Additionally, the degree of permanent set can be
predicted from the continuous stress relaxation as shown in Figure 1.5. Figure 1.6 shows
the effect of oxygen on the chemical stress relaxation process. 18 Since oxygen will react
with radicals, it decreases the number of cross-links in a sample when compared to a
sample in a nitrogen environment (no oxygen).
I 10 100
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Figure 1.4, Stress decay curves for polysulfide rubber H-10 (Thiokol
ST) at different temperatures. Also shown is a linear relationship for
1/T versus time at a constant f(t)/f(0). This yields an activation energy
of ~ 24 kcal/mol. [After A. V. Tobolsky "Properties and Structures of
Polymers"]
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Figure 1.5, Chemical stress relaxation and permanent set of
polysulfide rubber at 120°C. [After A. V. Tobolsky "Properties and
Structures of Polymers."]
TIME ,( HOURS!
Figure 1.6, Chemical stress-decay curves in air for sulfur cured
natural rubber. The gum contains no filler, while the "Tire Tread"
contains ~33% by weight of carbon black. Also shown are the stress-
decay curves of the same rubbers in highly purified nitrogen. [After
A. V. Tobolsky "Properties and Structures of Polymers."]
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Figure 1.7, Typical chemical groupings in a sulfur-vulcanized natural
rubber network, (a) monosulfide cross-link; (b) disulfide cross-link;
(c) polysulfide cross-link (x = 3-6); (d) parallel vicinal cross-link (n =
1-6) attached to adjacent main-chain atoms an which have the same
influence as a single cross-link; (e) cross-link attached to common or
adjacent carbon atom; (f) intra-chain cyclic monosulfide; (g) intra-
chain cyclic disulfide; (h) pendent sulfide group terminated by a
moiety X derived from accelerator; (i) conjugated diene; (j)
conjugated triene; (k) extra-network material; (1) carbon-carbon
cross-links (probably absent). [After A. V. Tobolsky "Properties and
Structures of Polymers."]
The process of vulcanization to cross-link rubbers involves the introduction of
sulfur bridges across chains. These typically exist in different forms as shown in Figure
1
8
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.7. It is well established that disulfide and polysulfide linkages undergo interchange
reactions that are free radical in nature. As previously mentioned, it is these interchange
reactions that allow the rubber particles to be consolidated through the application of heat
and pressure. Vulcanization "packages" for a number of typical elastomers are described
in Table 1.1. 19 Some of the components, such as mercaptan, sodium sulfide, and
elemental sulfur, have been shown to accelerate the interchange reactions. Assuming
that the mechanism of particle fusion is purely the interchange reactions, the intermittent
stress relaxation curve should ideally remain unchanged as a function of time. This result
is illustrated in Figure 1.6. This means that the overall degree of cross-linking is
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unaffected. Further, the continuous stress relaxation curve should show simple
exponential behavior and can be related to the rate constant of the interchange reaction
by:
(7(0)
HV }
(1-1)
where k' is the rate constant for the process. From the temperature dependence of the
continuous stress decay curves it is possible to obtain k 1 and the activation energy for the
scission process. It would appear to be fruitful to combine the chemical stress relaxation
experiment with another analytical method sensitive to the interchange reactions.
However, because of the complex nature of the system involved and the fact that the
scission reaction may be only a minor process, the investigation of it by strictly chemical
means may not be possible. Since it is the scission reaction that controls the mechanical
behavior of the system, chemical stress relaxation provides a sensitive means of
monitoring the stress.
1.7 Literature Review
Throughout the years, there have been numerous papers that discuss the
"recycling" of rubber by using the rubber as a filler, or "gluing" it together with a binder.
However, there are very few papers published that discuss the use of one hundred percent
rubber powders to produce high-value added products. In 1998, W.K. Law, T. Patel, K.
Swisher, and F. Shutov from Tennessee Technological University used polyurethanc
powder with an average size of 200 microns ground from car seats and cushions to
produce a solid "pseudo melted" elastomer sheet. W.K. Law et al. do not specify the
molding conditions and there is no further information found in the literature. M. J.
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Bonner, P. J. Hine and [. M. Ward have studied hot compaction of cross-linked
polyethylene fibers and fabrics. 22 They were able to consolidate cross-linked
polyethylene into solid panels. Finally, there are two papers by A. Accetta and J.M.
Vergnaud that discuss adding sulfur to vulcanized rubber powder in order to create a new
rubber from a scrap tire, thus making a usable material from scrap tires. 23
"24
In 1855, C.
Morey received a patent discussing the sintering of "hard-rubber" (called Ebonite today)
by means of applying a high degree of heat and pressure. Morey states that scrap, dust,
filings, powder, or sheets of hard rubber goods can be molded into solid rubber goods by
utilizing this technique. 25 Morey did little scientific work in this area and the patent lias
no mechanical properties of the "solid rubber parts".
Upon searching the US Patent Database, another patent was found relevant to this
work. ' US Patent number 5,904,885 issued in May 1999 by H. Arastoopour, D.A.
Schocke, B. Bernstein, E. Bilgili discussed grinding rubbers into powders and then
recycling these rubber powders through the use of a high-pressure, hot-compaction
technique. Their patent, like most patents, was extremely vague and little to no
mechanical data was shown. Approximately 80 percent of this patent describes a
grinding technique. The patent claims that through hot compaction one can obtain a
"solid" piece. The patent also states that in the grinding process bonds are broken. They
then state that these same bonds are reformed during the compaction. This was disproven
by bonding together two pieces of rubber belting that had never been ground and had no
fractured surfaces. There are quite a few open questions after reading the patent. Such
questions include, "What are the size limitations of the final part, if any?; What are the
optimal processing conditions?; What are the typical mechanical properties of the
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recycled rubber?; What is the mechanism of consolidation?" These questions will he
answered in this research.
It is clear that this process will work. In order to make it practical one must
determine how to optimize the process for particular applications and how to reduce the
processing times.
1.8 Dissertation Overview
The goal of this research is to investigate high-pressure high-temperature sintering
of rubber particles derived from recycled tires. This technique was discovered in our
laboratory serendipitously upon investigation of high-pressure treatment of high
performance fibers discussed in Appendix A. When the rubber sheets are subjected to
conditions of approximately 15 MPa pressure, 200°C, and a duration of 1 hour, they form
a single piece of rubber with good mechanical properties. The goals of this dissertation
are to develop a scientific understanding of the factors controlling this process, especially
the kinetics and mechanism of consolidation. 27
"31
Additional goals include developing a
model to predict the effect of the molding variables (so that it is possible specify the
molding conditions to achieve a given mechanical properties) and to compare the sintered
rubber to the original vulcanized rubber. The final goal is to investigate materials that
could be used to accelerate the sintering process. This could further the understanding of
the sintering mechanism as well as make rubber sintering a more industrially viable
technique.
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CHAPTER 2
HIGH-PRESSURE HIGH-TEMPERATURE SINTERING
The term "High-Pressure High-Temperature Sintering" was corned for our
process of molding thermoset matenal, Tins technique was done with a Carver Model C
Melt Press, which has a temperature controlled heating and cooling system. Samples
were made with both a piston/cylinder mold and conventional square mold. A schematic
of this process is detailed in Figure 2.1. The process begins with a cross-linked
thermoset. To obtain the best properties, one starts with the thermoset in the form of a
powder (although this step is not necessary for consolidation). Mechanical pressure is
then applied to force the particles into intimate contact while high temperature adds the
energy needed to break chemical bonds, which forms free radicals that can recombine.
This process allows the particles to "reknit" and sinter the thermoset together. The
procedure is similar to molding a thermoplastic in a melt press. This chapter will discuss
the importance of such research to both the environment and society today.
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Figure 2.1, Schematic of the technique of "High-Temperature High-
Pressure Sintering." Pressure is required to bring the particles into
intimate contact. Temperature activates the interchange chemistry.
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2.1 Potential Impacts
One of the most sought after technologies of the last century has been to create an
economically and environmentally viable process to recycle rubber. With the enormous
amount of tires in landfills, one can easily envision the environmental impact of such a
process. Currently 35 states ban whole tires from landfills, 18 states have banned all
scrap tires from landfills, and within the next few years these numbers are certain to rise. 4
Our technique of high-pressure high-temperature sintering provides a simple and unique
solution to the problem: convert the waste tires to powder and mold the powder into new
rubber parts. Preventing tires from reaching landfills contributes to the minimization of
waste and pollution, as tires are an enormous waste generator (3.4 million tons/year).
Furthermore, tires in landfills represent a large source of pollution and are a health
hazard. For example, mosquitoes prefer to breed in the quiet, stagnant water that collects
inside tires. In addition, mosquitoes can carry many deadly diseases including
encephalitis, dengue fever, and the West Nile virus. Additionally, scrap tire fires are
difficult to extinguish, can burn for a long time, release heavy black polluting smoke, and
can contaminate the soil surrounding them. It is our belief that the process of high-
pressure high-temperature sintering will allow for the production of new rubber parts
from 100% recycled rubber. This not only helps reduce the amount of rubber reaching
the waste stream, but it could also reduce the amount of virgin rubber consumed. This
completes the recycling loop, thus making scrap rubber a new valuable starting material.
Presently, commercially available powder rubber sells for approximately $.04 to
$.30 per pound, while natural and synthetic rubbers cost approximately $1.00 per
pound. Thus, the process of high-pressure high-temperature sintering should be cost
19
competitive with existing rubber processing. All necessary fillers are already
incorporated into the rubber (earbon black, etc.) and therefore the energy savings and cost
of milling in fillers is eliminated when one uses rubber powder. Finally, any need for
additional additives will be a simple and cost efficient process, due to the ease of
traditional powder mixing techniques.
Overall, the potential exists for a process that is more economical than current
ones, and is environmentally friendly. For this project to be a full-scale success,
however, it must be taken over on an industrial level. This has begun with the help of
Acushnet Rubber, Polyroll Inc, and Quabaug Rubber. However, it is likely to be several
years before the larger rubber companies begin to utilize this process. The potential
impacts are enormous and even partial incorporation of this process on a large scale
should show significant results.
2.2 Technology Performance
2.2.1 Performance Goals
The goal of this research is to make rubber products out of 100% recycled rubber
that has properties almost equal to virgin rubber. To date we have been able to make
parts that have retained greater than 60% of the virgin rubber properties of a typical tire
tread formulation. The materials fabricated via our technique have very similar
mechanical properties as those made by incorporating -10 wt% powder into raw virgin
rubber (i.e. regrind blending). This has been a goal of the rubber industry for many years.
It is our belief that production of parts made from 100% recycled rubber is an
economically and environmentally sound proposition. For this production to occur, one
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must be able to make a part that is either cheaper in production cost, have better
properties than the currently produced part, or some combination of both. Our overall
performance goal therefore is to produce rubber parts that fit this protocol. This process
is not only an end of the pipe technique, but actually completes the circle of the rubber
lifetime cycle. It converts the waste stream into a new feedstock, hence completing the
cycle. This is shown schematically in Figure 2.2
Natural
Rubber
1
Starting
Regrind
—4
Materials
i
Synthetic
Rubber
Manufactures
4
Scraps and Reject:
Products Land
Fill
t
High Temperature High Pressure Sintering
Engineering
More Recyclable
Rubbers
Figure 2.2, Diagram showing how HTHPS can effect a typical rubber
waste cycle. This technique allows for the completion of the rubber
waste loop. The loop is completed by considering the scrap rubber as
a valuable starting material
2.2.2 Mechanism
The process of recycling rubber by high-temperature high-pressure sintering is
simple and easy. The following mechanism of particle adhesion is the most accepted
theory to date and is supported by the experimental data presented later in this
dissertation. Pressure is applied in order to compress the particle interfaces into intimate
contact and add some mechanical energy to the system, while the temperature adds the
thermal energy needed to break the cross-link bonds. Hence, the molding variables
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provide the needed energy to activate the chemical exchange reactions. These reactions
occur at the particle interface and within the particles, thereby fusing or sintering the
particles into a single piece. This inter-particle and intra-particle chemical reaction is the
breaking and reforming of cross-links. This hypothesis is supported by the fact that the
swelling of the molded panel and the powder is essentially the same. These reactions
lead to the mechanical integrity of the part. High-temperature electron spin resonance
(ESR) measurements demonstrate a six-fold increase in the peak intensity of free radical
formation as temperature is ramped to the typical molding temperatures (@200°C). This
work, along with the work done by Tobolsky, MacKnight and Murakami, suggests that
chemical bonds are breaking and reforming both inter- and intra-particles. The
mechanism is further discussed in Chapter 5.
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CHAPTER 3
MECHANICAL PROPERTIES
3.1 Experimental
The majority of the rubber powder/crumb that was used in this study came from
Rouse Rubber lndustr.es Inc. Bayer, Acushnet, and McMaster-Carr supplied some bulk
samples which were ground into powders in our laboratories The powders range in
particle size, type of material and grinding method The powders investigated are listed
in Table 3.1. This table identifies the manufacturer, the type of rubber, the cross-linkins
agent, and the particle size (mesh size). The nomenclature for the rubber powder is as
follows: the initials represent the type of rubber and the number describes the particle
size For example, an SBR-80 is styrene-butadiene rubber with a particle size of minus
80 mesh, or an average particle size of 74 |im.
Table 3-1, Types of powders studied
Sample Type of Rubber Mesh Size Crosslink Type Grinder
SBR-80 Styrene-Butadiene 80 Sulfur Rouse Polymeries
Rubber (SBR)
GF-XO Natural Rubber/SBR 80 Sulfur Rouse Polymeries
FKM-150 Fluoroelastomer 150 N/A Rouse Polymeries
NR-Tan McMaster-Carr Natural 15 Sulfur In House
Rubber
NR-Black Acushnet Natural Rubber 15 sulfur In House
SBR Bayer SBR 15 Sulfur In House
Polvsulfide Polysultldc 15 Sulfur In House
3.1.1 Instrumentation
Stress-strain curves were obtained by using two methods. The initial work used
an Instron 5564 with ASTM D638 Type V tensile bars. It was found that the ASTM
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D638 dramatically over estimated the elongation at break. Hence, it was decided to
change specimen geometry and use a ring sample in which the gage length is half of the
average circumference of a ring. Table 3.2 shows the relationship between the
mechanical properties measured by ASTM D638 versus the ring sample. This table
shows that the strength of the material is independent of the two testing geometries, since
the difference is within the experimental error. Furthermore, there is a large discrepancy
between the modulus and elongation at break due to the over estimation via the ASTM
D638 Type V guidelines. The data at large strains for the ASTM tensile bar is inaccurate.
Nonetheless, this data was reported as stated by the guidelines of the ASTM method. For
this reason, the later work discussed in this report uses an Instron 4468 with a ring sample
geometry having an average diameter of 7/8 inch. This geometry and gage length more
accurately represents the strain in the sample. Glass transitions were obtained using a TA
Instruments DSC 2910 calibrated with indium. Swelling of the rubber panels in toluene
was measured using both volume and mass changes.
Table 3-2, Effect of testing geometry on the mechanical properties
Specimen Modulus (MPa) Strength (MPa) Elongation at Break (%)
Ring 4.9 4.6 187
ASTM D638 Type V 2.5 4.9 642
Percent Difference 200 95 29
3.1.2 Sample Preparation
The method by which the rubber powder was molded was described in Chapter 2.
The procedure is similar to molding a thermoplastic powder in a melt press. To obtain a
thorough understanding of the molding variables, rubber panels were molded varying the
time intervals from 1 minute to 24 hours (1440 minutes), pressure from 0.5 MPa to 26
24
MPa, and temperature from 80°C to 240°C. Additionally, rubber sheets were ground into
powder using a Spex CertiPrep 6800, which used liquid nitrogen to freeze the rubber.
In the investigation of particle size, GF-80 powder was sieved using vibrating
standard VWR sieves. With these sieves it was possible to obtain three partiele size
distributions. The three sieves used were the following mesh sizes: 60, 140, and 320.
They yielded the following three particle size distributions: +60 mesh, -60 mesh to +140
mesh, and
-140 mesh to 320 mesh. The mesh numbers correlate to the following particle
sizes: 60 mesh is 250 (am, 140 mesh is 100 urn, and 325 mesh is 40 urn
3.1.3 Discussion of Test Results
Initial work focused on GF-80 and SBR-80 powders, commercially available
from Rouse Rubber Industries. The virgin properties of these rubbers are unknown and
therefore continued work focused on systems where virgin properties could be obtained
(McMaster-Carr NR, Bayer SBR and Thiokol/polysulfide rubber). This allowed us to
compare the sintered properties to the virgin materials. It also yielded information as to
whether sintered materials were useful and gave a sense of percent retention of
mechanical properties. As the project proceeded, so did our knowledge of rubber
sintering. Therefore, the best mechanical properties of produced parts appear near the
end of this report.
25
3.2 Mechanical Properties of GF-80 (Blend ofNR and SBR) - Rouse Rubber
GF-80 was ground by Rouse Rubber Industrial using a shear aqueous technique.
The starting properties were unknown because the rubber was supplied in the form of a
powder and is produced from scrap tires.
3 21 Effect of Molding Time on Mechanical Properties
Figure 3.1 illustrates the influence of molding time on the mechanical properties
of tensile strength, elongation at break, and modulus for GF-80 (a natural rubber/SBR
blend material). The mechanical properties were measured using the ASTM D638 tensile
bar. The elongation at break was corrected based upon the results of Table 3.2.
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Figure 3.1, The effect of molding time on the mechanical properties of
GF-80 molded at 180°C and at 8.5 MPa pressure. Properties were
measured using an ASTM D638 tensile bar. Modulus (squares) and
strength (diamonds) are shown on the left axis, while elongation
(triangles) is shown on the right axis.
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The strength at break and modulus data correlates to the left axis of the graph, while the
elongation at break data correlates to the right axis. The plaques for this experiment were
molded at various times, at a constant temperature of 180'C, and at a constant pressure of
8.6 MPa. As expected, the longer the molding time, the higher the mechanical properties
of strength at break and elongation at break. However, no change in modulus was
observed. This is consistent with our understanding to date, that adhesion of some type
is occurring between the particles. This allows particles to sinter together by the
reknitting of chemical cross-links. Obviously, longer time allows for improved adhesion
between particles, and it follows that the mechanical properties should increase as time
increases. The effect of time on the strength and strain at break also followed a pseudo
logarithmic scheme, not a linear one. It was observed that roughly 80% of the maximum
obtainable properties could be molded in approximately 1/9 of the maximum
experimental time (in this case -2-3 hours). It is also noted that because of the high
pressure confinement, there is little to no oxidation of the molded parts, even at long
molding times.
3.2.2 Effect of Molding Pressure on Mechanical Properties
Figure 3.2 illustrates the influence of molding pressure on the mechanical
properties of tensile strength, elongation at break, and modulus for GF-80. Again, the
strength at break, and modulus data correlate to the left axis of the graph, while the
elongation at break points correlate to the right axis. The plaques for this experiment
were molded at various pressures, with a constant temperature and time of 180 °C and 1
hour, respectively. It is now known that 180°C at 1 hour is too low of a molding
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temperature/time combination to produce the best properties. Nonetheless, the trend is
consistent with the mechanical property data shown near the end of this chapter.
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Figure 3.2, The effect of molding pressure on the mechanical
properties of GF-80 at 180°C and at 1 hour. Properties were measured
using a ASTM D638 tensile tar. Modulus (squares) and strength
(diamonds) are shown on the left axis, while elongation (triangles) is
shown on the right axis.
Similar to the time data, the mechanical properties of strength and elongation at
break both increase with increasing pressure. However, the modulus remains constant.
As shown in the schematic of the sintering process, pressure is required to bring the
particles into contact. An interesting side note is that calculations determined (see Figure
3.3) that the pressure required for intimate contact of the particles was only about 0.7
MPa, well below the experimentally investigated limits. Powder was added into a piston
mold and the volume change was determined by measuring the distance that the piston
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traveled (these measurements were all done at room temperature). Simultaneous
measurements of the pressures required to induce these volume changes are shown in
Figure 3.3. The volume change is reported as the change in volume over the initial
volume [AV/V0]. As one can see, there is almost no volume change that takes pi
pressures above 100 psi.
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Figure 3.3, Volume change in the rubber powder as a function of
applied pressure. From this curve it is possible to determine the
pressure needed for intimate contact of the rubber powder
It is therefore concluded that this is roughly the pressure required for intimate contact of
the particles (i.e. the pressure needed to remove the voids). One possible explanation for
the trends observed in Figure 3.2 is that rubber under pressure may not oxidize as fast at
high temperatures as rubber under little or no pressure. Additionally, the pressure applies
a shear stress to the rubber chains since the applied force is not exactly a hydrostatic
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pressure (i.e. this can be thought of as an energy applied to the system mechanically).
This provides an additional driving force for interchange reactions. However, the effect
of pressure on mechanical properties is much smaller than that of temperature or time.
This is due to the fact pressure imparts less energy to the system as temperature. For
example, a 1 °C change in temperature is roughly equivalent to a 200 psi change in
pressure in terms of the property changes. Therefore, as long as some pressure is present
to prevent oxidation, pressure plays a smaller role in determining the final mechanical
properties of the molded parts than either time or temperature. However, on an industrial
setting pressure is the only variable that can realistically be increased. This is due to the
economics of increasing the molding time and the existence of the critical temperature.
3.2.3 Effect of Molding Temperature on Mechanical Properties
Figure 3.4 shows the effect of the molding temperature on mechanical properties
for GF-80. The strength and modulus are shown on the left-hand axis while elongation at
break is shown on the right-hand axis. The rubber panels were sintered for 1 hour at
1250 psi. The process of rubber sintering does not work for this system at temperatures
below approximately 80 °C. This is the temperature that the tensile strength extrapolates
to a value of zero. This temperature of ~80°C is also the same temperature that Tobolsky
et al.
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and Murakami25 found to be the onset of the chemical stress
relaxation/interchange chemistry for systems containing sulfur. Another important
feature of the graph is the "critical temperature" of the system. This temperature is
defined as the point at which the strength and elongation of the rubber begins to
decreases. For GF-80, this temperature is ~220°C. Beyond this temperature, the strength
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and elongation at break of the molded parts begin to decrease as shown by the hollow
data points. If the temperature is increased beyond this critical temperature, eventually
the mechanical properties will decrease to zero and the cross-link rubber will be a tacky
liquid that can be dissolved. This temperature correlates well to the onset of
decomposition by TGA, as shown in Figure 3.5. Interestingly, the modulus does not
show a maximum/minimum trend. Instead, it decreases at a constant rate independent of
this critical temperature. The critical temperature represents the temperature at which the
interface bond between particles becomes equal in strength to the bulk material. This
will be shown in a model in Chapter 5. The modulus data indicates that there are more
chemical bonds being ruptured at elevated temperatures than are being reformed.
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Figure 3.4, The effect of molding temperature on the mechanical
properties of GF-80 at 1 hour and at 8.5 MPa pressure. Above 220°C
the strength and elongation decrease (above the critical temperature-
hollow points). Properties were measured using a ASTM D638 tensile
bar. Modulus (squares) and strength (diamonds) are shown on the
left axis, while elongation (triangles) is shown on the right axis.
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Figure 3.5, Percent weight loss versus temperature for GF-80. A TA
TGA 2900 was used with a heating rate of 20°C/min. Onset of
decomposition is ~200°C.
This bond rupturing increases the molecular weight between cross-links and thus will
lower the modulus. This trend will be discussed further in Chapter 5. This critical
temperature can also be shown in a plot of the stress-strain curves of GF-80 at various
molding temperatures. This is illustrated in Figure 3.6. As the temperature is increased,
the strength and elongation of the molded part move further along/"walks up" the same
stress-strain curve. The critical temperature can also be seen in this figure since, above
this temperature, the strength and elongation begin to decrease. The critical temperature
for the GF-80 is approximately 220 °C, as measured from both Figures 3.5 and 3.6. This
"walking" phenomenon is derived from the improved bonding of the particle interfaces.
Therefore, by increasing any of the molding conditions, the strength of the particle
interface will increase and hence "walk" further up the curve. If the initial portion of the
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stress-strain curves were enlarged, it would show a slight decrease in modulus as
temperature increases. This is illustrated in Figure 3.4. Time and pressure also show a
similar trend of "walking" the stress strain curve.
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Figure 3.6, Stress-strain for GF-80 rubber sintered at various
temperatures for 1 hour and at 1250 psi pressure. Above 220°C the
mechanical properties begin to decrease (not shown).
3.2.4 Other Mechanical Properties
Figure 3.7 shows the effect of particle size at constant molding conditions of
200°C, 1 hour, and 8 MPa for GF-80 rubber. As the particle size decreases, there is an
increase in both strength and elongation at break. Modulus, however, remains unchanged
at constant molding conditions. This is also representative of an interfacial phenomenon
as suggested earlier. Additionally, this figure shows the mechanical properties of the GF-
80 prior to sieving to serve as the control. The mechanical properties of the unsieved GF-
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80 are an approximate average of the three partiele sizes. Three particle size distributions
were obtained via sieving GF-80 powder through a series of screens. By this process the
following distributions were obtained +60 mesh: -60 to +140 mesh: -140 to +325 mesh
with a mass ratio of 1:2:1. The result of decreasing particle size having a beneficial
effect on both the strength and the elongation at break has been observed in both
ceramics and metallurgy. Powder sintering is a common method of processing in both of
these fields.
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Figure 3.7, The effect of particle size on the mechanical properties of
GF rubber molded at 200°C and at 8.5 MPa for 1 hour. Properties
were tested using an ASTM D638 tensile bar.
3.3 Mechanical Properties of Natural Rubber -McMaster-Carr
GF-80 represents a "real world" material (i.e. crumb obtained from waste tires),
however the starting properties of this rubber are unknown. Therefore, a rubber was
purchased from McMaster-Carr Supply Company so that the starting mechanical
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properties could be measured. This natural rubber is filled with China Clay and does not
contain carbon black. This material was ground in-house with a Spex 6800 cryogenic
grinder. The powder rubber obtained from this grinding step was then molded as
described previously. These parts were tested and compared to the virgin, unground
starting material. In addition, several virgin rubber plaques were heat-treated to see the
effect of elevated temperatures on the rubber network. The data from these tests are in
the following sections (all data in the following figures were determined using ring
samples).
3.3.1 Effect of Molding Temperature
Figure 3.8 shows the mechanical properties of the sintered NR powder as a
function of molding temperature. The strength and modulus are shown in the left hand
axis while the elongation at break is shown in the right hand axis. The rubber panels
were sintered for 1 hour at 1250 psi. Like the GF-80 rubber, the strength and elongation
increase until reaching the critical temperature, which is slightly lower than the critical
temperature for GF-80. For this NR, it is approximately 200°C. After the critical point,
the strength and elongation both decrease. At a temperature ~300°C the NR is a tacky
liquid that can be dissolved in common organic solvents. The modulus of the sintered
rubber is monotonically decreasing. Figure 3.9 shows the mechanical properties of
unground NR sheets with the same molding conditions as the sintered powder (i.e. heat-
treated sheets) but without the grinding step. In this case, as the temperature increases
there is a monotonic decrease in both modulus and strength, while the elongation initially
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increases then decreases. This shows that the heat treatment cycle forever changes the
network in a negative manor, hence the decrease in the mechanical properties.
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Figure 3.8, The effect of molding temperature on the mechanical
properties of High-Temperature High-Pressure Sintered NR powder.
Strength (square) is on the left axis and elongation is on the right axis.
Modulus (not shown) exhibits a similar trend as shown previously in
Figure 3.3.
Figure 3.10 shows the data from Figure 3.8 and 3.9 superimposed on top of each other.
In Figure 3.10, the hollow points represent the as-received rubber sheets that were heat-
treated at the designated temperature. The solid points represent the mechanical
properties of the sintered NR rubber parts. Figure 3.10 shows that the strength and
elongation of the sintered rubber increases until intersecting with the heat-treated rubber
data. The point at which the heat-treated rubber curve and the molded powder curve
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cross is the same temperature as the critical temperature in Figure 3.8. Above this
temperature the two materials are mechanically identical.
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Figure 3.9, The effect of molding temperature on mechanical
properties of Heat-Treated NR sheets. Strength (square) and modulus
(diamonds) are on the left axis and elongation is on the right axis.
The repairing of the particle interface dominants the mechanical response until the critical
temperature is reached. The reason for this is that there are two reactions occurring in the
sintering process: 1) degrading of the network and 2) healing of the interface. The
modulus for both the molded ground rubber and heat-treated sheets show the same
relationship (decreases with increasing molding temperature). The data for the two heat-
treated sheets and the sintered rubber superimposed on top of one another, not shown in
Figure 3.10. Molding the NR at 200°C for 1 hour and 8.6 MPa yields a rubber panel with
good mechanical properties. It has a strength and elongation at break of 46% and 88%
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respectively of the as-received properties and a modulus that decreases by 40%. This
because the NR is reverting to an uncross-linked material.
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Figure 3.10, Data from Figure 3.8 and 3.9 superimposed [hollow
points are Heat-Treated sheets and solid points are the Sintered
Rubber]. Critical temperature correlates to the intersection of the
two curves.
3.3.2 Other Trends ofNR Sintering
Figure 3.1 1 shows the effect on the mechanical properties of NR as the ratio of
old surface to new surface changes. Old surface is defined as a surface that is obtained
via the vulcanization reaction and is exposed to air for a long period of time. This surface
is known to be different from the bulk rubber due to many variables including diffusion
of plasticizer to the surface and oxidation. It is also known as the "skin" of a rubber part.
The new surface is defined as anything but that "skin" layer produced by grinding,
cutting or wearing away of the "skin." Figure 3.11 shows that as the amount of old
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surface is increased, the mechanical properties decrease. It is also know that rubber
adhesion to an old surface is much less than to that of a new surface.
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Figure 3.11, The effect of the amount of aged surface on the relative
strength (sintered strength over starting strength) of natural rubber.
Sintering occurred at 200°C for 1 hour at 1250 psi. The surface ratio
was controlled By grinding rubber sheets of various thickness.
This could be one reason that the phenomenon of rubber sintering has never been
discovered. This is due to the fact that most rubbers have a "skin'Vold surfaces which
yield low properties when sintered together. This is also shown in Table 3-3. This table
shows the T-peel strength of three different specimens: old surface to old surface, new
surface to new surface, and new surface to old surface. The three surfaces were sintered
with the following molding conditions: at 200°C for 1 hour and 1250 psi. The new to
new interface was created by adding powder to the mold followed by a Kapton sheet used
to make the T-peel grips, followed by an additional layer of powder. The other interfaces
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were fabricated in a similar manner. The old surface for this case is defined as the
surface of a sintered rubber panel, this panel was sintered at the same conditions (200°C
for 1 hour and 1250 psi). The new to old and the old to old both failed in an adhesive
manner while the new to new failed cohesively. The energy to failure for the new to new
is close to the bulk strength of the sintered rubber. This also supports the data of particle
aging that is shown in Figure 3.11. This adds another molding variable to optimize to
obtain the best mechanical properties.
Table 3-3, The effect of interface type/structure on the interparticle
adhesion measured by a T-peel test
Type of Interface Adhesion Strength (N/m)
Powder to Powder 687
Powder to Molded Surface 604
Two Molded Surfaces 228
Having determined the influence of the molding variables and the effect of the
surface on the sintered properties, the focus shifted to the effect of the grinding cycle on
the mechanical properties. This was thought to be important because there is known to
be a molecular weight dependence on the mechanical properties. In order to understand
this effect, gel permeation chromatography (GPC) has been performed on both raw
uncross-linked natural rubber and cryo-ground uncross-linked natural rubber. The initial
number average molecular weight was 817000 after the cryo-grinding of the NR the M„
decreased to 513000. This shows that there was an increase in the number of rubber
chains (i.e. there was chain breaking during the cryogrinding). The weight average
molecular weight also decreased from 1388900 to 1077300 however, not at the same
ratio as the Mn . Therefore the polydispersity index of the rubber increased from 1.7 to
2.1. This is because the weight average was less affected because fracturing the rubber in
the glassy state; only the chains at the surface of the particle will break. This keeps the
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majority of the polymer chains at the same length hence same decrease in Mw . As
expected, the number average molecular weight (Mn) decreased and polydispersity index
(PDI) increased. Both ground and non-ground rubbers were compounded following the
recipe shown in Figure 3.12. The rubbers were then cured at 160°C for the optimum
curing time, determined by a study of the curing rheology. This figure shows no major
differences between the stress-strain curves, however, there is a small increase in
elongation at break and a decrease in 100% modulus for the ground natural rubber
sample. This is the expected result of lowering of the cross-link density. Therefore, it is
reasoned that some of the changes in mechanical properties could be a result of the
grinding, although it seems that high temperature exposure has a much greater effect on
the cross-linked network.
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Figure 3.12, Stress-strain curve for unfilled natural rubber showing
the effect of grinding/molecular weight on the mechanical properties
of vulcanized rubber. Formulation used to cure rubber is listed in
this figure. NR (sev) is the conventional semi-efficient vulcanization
of NR. gNR (sev) is NR that was cyro-ground prior to compounding,
then mixed and vulcanized the same manor as NR (sev).
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Additionally, during this work it was found that there was a dependence of the
time between grinding and molding on the mechanical properties. This time will be
called post-grind aging. Figure 3.13 shows the influence of post-grind aging on strength,
modulus, and elongation. As the post-grind aging is increased, the strength and
elongation decreases and the modulus increases. This is believed to stem from the
reactive species that are migrating away from the particle surface. Additionally, these
species could possibly react within the particle bulk. This reaction could increase the
cross-link density and therefore the modulus. The best mechanical properties are
obtained if the rubber is ground and then immediately sintered into new rubber parts (i.e.
short post-grind aging times).
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Figure 3.13, The effect of post-grind aging of rubber powder on
mechanical properties. Post-grind aging is the time between grinding
and sintering. Modulus (triangles and circles) and strength
(diamonds) are shown on the left axis while elongation (squares) is
shown on the right axis.
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3.4 Mechanical Properties of Natural Rubber
-Acushnet Rubber Company
As the project progressed our industrial partners grew. One of the more recent
partners is Acushnet Rubber. They supplied us with NR filled with carbon black. This
rubber was also ground in house using the Spex cryo-grinder. The following experiments
were conducted to see if there is an effect of carbon black. Figure 3.14 shows the effect
of the molding temperature on the mechanical properties. As the temperature increases
the strength increases until reaching a critical temperature. The elongation monotonically
increases while the modulus monotonically decreases. The NR from McMaster-Carr also
exhibited an increase in elongation at low molding temperatures. The natural rubber
from Acushnet is a higher-grade rubber, hence, it has better mechanical properties. The
starting properties of Acushnet's NR is 15 MPa strength, 250% elongation, and 2 MPa
modulus. The best-obtained sintered properties are 7 MPa strength, 280% elongation,
and 1
.9 MPa modulus. The percentage of the mechanical properties for this material is
very similar to McMaster-Carr NR, but the sintered strength is approximately doubled in
value from 4 to 7. This is most likely due to the higher grade NR and the carbon black
filler. Nonetheless, the trends in mechanical properties are the same. Therefore, carbon
black (active fillers) does not change the sintering process (i.e. a clay filled rubber will
recover the same percentage of the starting properties as a carbon black filled system).
This figure also shows the effect of Perkalink 900, an antireversion agent, this will be
further discussed in Chapter 4. In short, additives can effect the sintering chemistry and
therefore improve the sintered mechanical properties.
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Figure 3.14, Mechanical properties of sintered natural rubber as a
function of molding temperature molded at 1 hour and at 1250 psi.
Modulus (squares) and strength (diamonds) are shown on the left
axis, while elongation (triangles) is shown on the right axis. The solid
points are NR sintered and the hollow points are NR sintered with
Perkalink 900 (an antireversion agent). The first set of points are the
starting mechanical properties (the larger data points at 160°C).
3.5 Mechanical Properties of SBR-80 - Rouse Polymeries Inc.
SBR-80 was ground by Rouse Rubber Industrial by a shear aqueous technique.
The starting properties were unknown since the rubber was supplied to us in the form of a
powder obtained from scrap tires.
3.5.1 Effect of Time
Figure 3.15 shows the effect of molding time on the mechanical properties of
SBR-80. SBR-80 was ground by Rouse Rubber (the surface age and aging time are
unknown). SBR-80 was sintered at 220°C at 1250 psi for the indicated molding time.
The mechanical responses are similar to the trend shown in Figure 3.1 for GF-80
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Figure 3.15, The effect of molding time on the mechanical properties
of SBR-80 at 220 C and at 8.5 MPa pressure. Properties were
measured by using an ASTM D638 tensile bar. Modulus (squares)
and strength (diamonds) are shown on the left axis, while elongation
(triangles) is shown on the right axis.
The strength and elongation increase logarithmically with time, while the modulus has a
linear time dependence. The same rational that was applied to the natural rubber SBR
blend (GF-80) can be applied to this system. It should also be noted that sintered SBR-
80 sheets are mechanically stronger than the corresponding GF-80 sheets molded at the
same conditions.
3.5.2 Effect of Temperature
Figure 3.16 shows the effect of molding temperature on the mechanical properties
of SBR-80. This figure also shows the effect of two molding times both sintered at 1250
psi: (60 minutes | solid points] and 20 minutes [hollow points]).
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Figure 3.16, The effect of molding temperature on the mechanical
properties of SBR-80 at 1 hour (solid) / 20 minutes (hollow) and at 8.5
MPa pressure. Properties were measured by using an ASTM D638
tensile bar. Modulus (squares) and strength (diamonds) are shown on
the left axis, while elongation (triangles) is shown on the right axis.
At a given time, the strength and elongation will increase with temperature until the
critical temperature is reached. This figure does not show any data beyond the critical
temperature. Again, the same rational used in section 3.2.2 for GF-80 can be applied in
this case. However, the critical temperature for SBR-80 has a higher value ~240°C.
Additionally, the effect of a time-temperature shift can be seen from the difference in the
solid curve (60 minutes) and the dotted curve (20 minutes). These results led to the
time-temperature relationship discussed in the next section (Section 3.5.3 "Time-
Temperature-Pressure Superposition").
Finally, Figure 3.17 shows the effect of the molding temperature on the stress
strain curve. As the molding temperature increases the 100% Modulus (i.e. the stress at
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100% strain) also increases. Therefore, as temperature is increasing, the material is
hardening. This is most likely due to the cross-linking through the pendant double bonds
found in synthetic rubbers. It is known that overcross-linking typically leads to a
decrease in the mechanical properties. This will be discussed later in this chapter.
Increasing Molding Temperature
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Figure 3.17, Stress-Strain curve of SBR-80 showing the effect of the
molding temperature at 1 hour and at 1250 psi. The stress-strain
curve was measured using an ASTM D638 at a rate of 10 mm/min.
This figure also shows the increase in stiffness/cross-link density
associated with additional cross-linking.
3.5.3 Time-Temperature Superposition
During the investigation of the effect of the molding variables on the mechanical
properties, it was discovered that there was a relationship between the molding variables
and the mechanical properties. In other words, time, temperature, and pressure can be
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thought of as a reduced time and the data can be shifted onto a master curve. The
mechanical properties are a function of the reduced time. Therefore, all the mechanical
properties will collapse onto a master curve of properties versus reduced time. This
effect is shown in Figure 3.18. These properties were measured at a rate of 500 mm/min.
6 7 8
Reduced Time (to)
10
Figure 3.18, Time-temperature relationship showing that the data can
be superimposed into a reduced time. This curve created from the
data obtained from three molding temperatures (180, 200, and 220°C)
and four molding times (1, 10, 100, and 1000 minutes). The six large
squares represent three predicted reduced times: one obtained at high
temperature (240, 270, and 300°C) and short times (1 minutes) and
the other at low temperatures (120°C) for long times (500, 2000, 10000
minutes).
This crosshead speed is proportional to a strain rate of approximately 10%/min. The data
represents a range of molding times and temperatures from 1 minute to 1000 minutes and
180°C to 220°C. The squares represent three reduced times used to test this theory. At
each reduced time there were two sintered rubber panels fabricated: one at high
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temperature (240, 270, and 300°C) and short times (1 minute) and the other at low
temperatures (120°C) and long times (500, 2,000, and 10,000 minutes). As shown in
Figure 3.18, the model predicts the strength very well. However, the long time data
points underestimate the data, but this could be due to the fact that the molding pressure
is decreasing, due to flow, as the molding time increases. The decrease in pressure is due
to some flaws in the mold design (the metal mold actually supports some of the normal
force after the rubber begins to -flow"). Additionally, the response of strength versus
temperature is more likely to be a non-linear trend, unlike the linear trend that was
assumed to create this model. This non-linearity is shown in Figure 3.4.
The shift factor, aT , was obtained by shifting the strength versus logarithm of
time for three temperatures (180, 200, and 220°C) as well as the four temperatures used
to evaluate the reduced time model in Figure 3.18. This resulted in a master curve with
all the data fitting onto a smooth curve of reduced time versus strength and elongation
respectively. This was shown in Figure 3.18. Figure 3.19 shows the shift factor versus
the molding temperature. There is a linear relationship of these two variables that
validates the time-temperature-pressure shifting of this data.
The model for calculating a reduced time was developed from Figures 3.20
though 3.23. Figure 3.19 shows the effect of strength versus temperature for four
different molding times.
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Figure 3.19, Shift factor (ctT) versus molding temperature for SBR.
The rubber was obtained from Rouse Rubber Polymeries Inc It was
sintered for 1 hour and at 1250 psi. The reference temperature used
for this shift was 200°C, this was the mid-point of the data.
The slopes for these curves were calculated using the method of least squares and are
shown in the figure. The slopes of the four curves are constant with a value of 0.026
°C/MPa. This procedure was repeated for the logarithm of the molding time and the
slope was calculated to be 0.51 min/MPa as shown in Figure 3.20. Reduced time is
defined as the real time, t, divided by a shift factor. Therefore the logarithm of the
reduced time is equal to the logarithm of the real time plus a shift factor. The shift factor
is typically a function of temperature. Using the previously determined slopes, an
equation for the reduced time was determined. This equation is shown below in Equation
3.1. With the temperature constant equaling the ratios of the slopes measured from the
figures (0.026/0.51)
50
In t R = \n(Time) + 0.05 1 x Temperature (3.
1
)
Similarly, the same approach can yield an equation for elongation. The ratio of slopes
for both cases is constant. This also supports the idea that as the molding variables
increase, the interfaces become stronger. Therefore, by increasing the reduced time both
the elongation and strength will increase. It should be noted that the effect of pressure
was not depicted in this equation; nonetheless, a pressure term could be added to
Equation 3-1 without affecting the trend. There was not a large enough window of
obtainable data with respect to molding temperature to fit the data to an Arrhenius or
WFL relationship. However, it is believed that rubber sintering does correlate to such
theories.
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Figure 3.20, The effect of strength of sintered SBR-80 as a function of
molding temperature for four molding times. The average slope of
the four curves was used to create the master curve in Figure 3.18
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Figure 3.21, The effect of elongation of sintered SBR-80 as a function
of molding temperature for four molding times. The average slope of
the four curves was used to create the master curve in Figure 3.18
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Figure 3.22, The effect of strength of sintered SBR-80 as a function of
logarithm of molding time for three molding temperatures. The
average slope of the four curves was used to create the master curve
in Figure 3.18. This data can also be shifted to obtain shift factors as
shown in Figure 3.19.
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Figure 3.23, The effect of elongation of sintered SBR-80 as a function
of logarithm of molding time for three molding temperatures. The
average slope of the four curves was used to create the master curve
in Figure 3.18. This data can also be shifted to obtain shift factors as
shown in Figure 3.19.
3.6 Mechanical Properties of SBR-Bayer Corporation
With the molding variables of SBR-80 understood, the next step was to obtain a
model compound for additional investigation into rubber sintering. This was done with
the help of the Bayer Corporation. Bayer supplied some model SBR compounds in
which the sulfur to accelerator ratio was varied. This rubber was vulcanized and ground
in-house with a Caver Model C melt press and a Spex Cryo-grounder respectively. With
such a compound, the effect of the cross-link bond energy on rubber sintering could be
studied. Figure 3.24 illustrates the stress-strain behavior for SBR rubber obtained from
the Bayer Corporation.
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Figure 3.24, Stress-strain curve for sintered and heat-treated SBR-
Bayer filled with carbon black. There arc two temperatures shown
(200 and 220 C). The sintered curves are dotted and the heat-treated
curves are solid. The starting properties are labeled "As Received".
The solid lines represent heat-treated sheets of the vulcanized "virgin" SBR, while the
dashed lines mark the sintered properties molded at the noted temperatures (the original
vulcanized curve is marked "As Received"). As is shown, at 240°C the sintered part
recovers over 60% of the strength and 50% of the elongation of the vulcanized (as
received) sheet.
SBR was then molded at various temperatures to see the effect of the molding
temperature on the mechanical properties. This is shown in Figure 3.25. The results are
very similar to that of the previous SBR, except for trend of the 100% modulus.
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Figure 3.25, Mechanical properties of sintered and heat-treated SBR
as a function of molding temperature at 1 hour and at 1250 psi. The
heat-treated SBR panels are shown as the solid points and the sintered
rubber panels are shown as the hollow points. The modulus (squares)
and the strength (diamonds) are shown on the left axis, while the
elongation (triangles) is shown on the right axis.
The 100% modulus is constant until 230°C, at which it begins to increase. This is the
exact opposite trend as previously reported for NR. The increase in modulus is due to the
additional cross-linking that occurs most likely through the pendant double bonds (these
bonds occur via 1,2 addition in the polymerization). The strength and elongation
obtained via sintering is -70% of the starting properties. This result was as expected
since SBR tends to lose mechanical integrity at a slower rate than that of natural rubber.
This behavior of rubbers getting softer or harder has been reported and it is key to
understanding rubber sintering and will be discussed in Chapters 5 & 6.
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With the processing variables optimized, the focus shifted toward investigating
the other important mechanical properties of rubber such as fatigue and compression
behavior. Figure 3.26 shows the fatigue behavior of a conventionally vulcanized SBR
rubber compared to a sintered sheet molded at 1 hour, 250°C, and 8.6 MI>a. As sh
the previous section, the tensile elongation at break of the sintered rubber are -50% of the
conventionally vulcanized rubber. Therefore the first data point (i.e. zero cycles) shows
this same behavior. As the number of cycles increases, both of these rubbers fail at lower
elongations, which is a typical fatigue response. However, if this response is divided by
the elongation at break obtained from a tensile lest (i.e. zero cycles to failure), then the
two materials behave identical as shown in f igure 3.27. This means that under fatigue,
the sintered rubber behaves exactly the same as the vulcanized rubber. This is an
interesting result since it shows that if rubber sintering can recover 100% of the starling
properties, then the rubber will behave identically in fatigue. This again goes back to the
changes that occur in the cross-linked network due to the heat-treatment cycle, for this
case, SBR overcross-links.
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Figure 3.26, Fatigue behavior of carbon black filled SBR. Cycled from
zero elongation to the value shown in the figure. Diamonds represent
conventionally vulcanized sheets (160°C for 22 minutes and at 1250
psi) and the squares represent sintered sheets (sintered at 240°C for 1
hour and at 1250 psi).
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Figure 3.27, Fatigue response for SBR normalized by the elongation at
break. Triangles represent conventionally vulcanized sheets (160°C
for 22 minutes and at 1250 psi) and the squares represent sintered
sheets (sintered at 240°C for 1 hour and at 1250 psi).
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Figure 3.28 shows the stress-strain curve in compression for a conventional
vulcanized rubber as well as a sintered rubber. The test was conducted using an ASTM
standard compression bullet. The samples were made with the same technique as
previously described. The crosshead rate was 10 mm/min. As shown in this figure, the
two rubbers behave identically. This is very promising since many rubbers are typically
used only in compression.
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Figure 3.28, Stress-Strain curve of both sintered and conventionally
vulcanized SBR. Using an ASTM compression bullet geometry. SBR
Powder sintered at 240° for 1 hour and at 1250 psi. Virgin SBR
vulcanized at 160° for 22 minutes and at 1250 psi.
This also supports the idea that the sintered rubber fails prematurely in tension due to the
energetics of void propagation when compared to the energy of orienting the rubber
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chains. Orienting the rubber chain is typically associated with the rapid upturn in the
stress-strain curve. This idea was tested by running several high-pressure tensile
experiments in nitrogen. It was found that the tensile strength of the rubbers under
pressure was only slightly higher. However, the rubber samples were thin, thus allowing
for rapid gas diffusion into the sample. The diffusion would negate the effect of pressure
to inhibit void formation.
The final compression property investigated was the compression set. It was
found that the compression set of the sintered rubber is much better than that of the
vulcanized material. At 140°C for 1 hour with 500 lbs normal force, the conventionally
vulcanized material has a 30% compression set, while the sintered bullet has only 10%
compression set. This is believed to occur due to sulfur interchange chemistry. When a
rubber part is vulcanized, there are polysulfidic links that are less thermally stable than
mono and disulfidic links. The high temperature cycle that occurs during sintering
eliminates these weaker polysulfidic links and therefore makes the rubber more
inherently stable at higher temperatures (however these bonds can still exhibit
interchange chemistry and therefore be sintered together).
The next variable investigated was wear resistance. This is one of rubber's most
important characteristics for many common applications (i.e. shoe soles and tire treads).
Figure 3.29 shows the wear resistance of conventionally vulcanized rubber to that of
sintered rubber molded at 240°C for 1 hour at 1250 psi. The sintered rubber wears 40%
faster than the conventional rubber. The ratio of wear resistance is proportional to the
ratios of tensile properties. The wear resistance of the sintered rubber is different than
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that of the vulcanized rubber for the same reasons as the discrepancy in the strength (i.e.
changes in cross-link density and small incursions/void)
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Figure 3.29, Wear resistance of SBR plotted as percent mass loss
versus time. Squares represent sintered SBR (240°C for 1 hour and at
1250 psi) and the diamonds represent vulcanized SBR (160°C for 22
minutes and at 1250 psi)
Finally, the number of times the rubber can be recycled via rubber sintering was
investigated. The mechanical properties of the starting rubber were measured then
ground and sintered. This rubber panel was then tested and reground a second time into
powder. The powder was again molded/sintered into a rubber panel. The effect of the
grinding cycle is shown in Figure 3.30. There is an initial decrease in the mechanical
properties (the same trend that was discussed previously). Interestingly, after the second
grind and temperature cycle, the mechanical properties were unchanged and identical to
those found in the first cycle. Again, this is likely due to the structure of the overall
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rubber network that controls the mechanical properties. Once the rubber has experienced
the high-temperatures, the network is forever changed. A second heating has little effect
on the network unless the temperature is increased beyond the "heat-set temperature."
The constant mechanical properties after the first heat-treatment are analogous to the
effect of rubber stress-strain hysteresis. In other words, the first cyclic stress-strain curve
of a rubber is usually dramatically different than the subsequent curves. Sulfur chemistry
is reversible once the rubber sample is heat-treated to the given temperature. The
mechanical properties are changed by the heat-treatment step of the process. The rubber
can be cycled for many times and recover the same mechanical properties of that
particular heat-treated rubber sheet.
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Figure 3.30, The effect of the mechanical properties on the number
times through the HTHPS cycle. This data is for carbon black filler
SBR (Bayer) sintered at 240°C for 1 hour and at 1250 psi. Modulus
(diamonds) and strength (triangles) are on the left axis and elongation
(squares) is on the right axis.
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3.7 Mechanical Properties of SBR- Compounded, Vulcanized and Ground In House
With the molding variables well defined, the next step was to understand the
mechanism of sintering. The first attempt to study this was done by changing the bond
energy of the cross-link bonds. It is well known in the rubber community that by varying
the ratio of sulfur to accelerator, it is possible to change the number of sulfur atoms in the
chemical cross-link. Figure 3.31 shows the bond energy versus the atoms of sulfur. As
the number of sulfur atoms decrease the bond energy increases. The weakest bonds or
polysulfide bonds, like Thiokol Rubber, have the lowest energy.
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Figure 3.31, The effect of the number of sulfur atoms on the energy of
a cross-link bond. The bond energy increases as the number of sulfur
atoms decrease. Thiokol rubber is located to the right of the \-axis
while peroxide cured rubbers are located on the left at S = 0.
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There are three terms used to describe such a ratio. These terms are: CV, SEV, and EV.
They are shown in Table 3-4. Figure 3.32 shows the effect of CV, SEV, and EV with
ratios of 1.5, 1, and .66.
Table 3-4, Definition of some common sulfur vulcanization formulations
Cure Type Abbreviatio Typical Ratio of Sulfur to Accelerator
Efficient Vulcanization EV
Semi-Efficient Vulcanization SEV
Conventional Vulcanization CV
> 1
1
< 1
1.20
1.00
m 0.80
tr
(D
CL
£ 0.60
I
Sl 0.40
0.20
0.00
Elongation at Break(%)
Strength (MPa)
a Modulus(MPa)
0.5 1 1.5 2
Parts CBS/100 Parts Rubber
2.5
Figure 3.32, The effect on the mechanical properties of different
sulfide repeat lengths in the cross-link. This was done by varying the
ratio of accelerator to sulfur, from this it is possible to change the
cross-link structure. It should be noted that since our ratios are
relatively close the cross-link structures, it might not be as drastically
different as the mechanical properties suggest. The rubber used is
SBR without carbon black with a common formulation.
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Essentially there is little ehange in the mechanical properties between these three
formulations as shown in this figure. However, it should be noted that the ratios of these
three are relatively close and therefore could have very similar cross-link structures and
bond energies. Table 3-5 shows the effect of more extreme structures on the mechanical
properties. In this table as the bond energies decrease, there is an increase in the percent
recovery of the sintered parts with Thiokol rubber recovering 100% of the starting
properties. In other words, as one moves towards more sulfur atoms in the cross-link
(lower bond energies) the difference in bond energy between the rubber backbone and the
cross-link increases, thus broadening the processing window. This is important because
the amount of energy added should be only enough energy to break the cross-links, not
the chemical backbone.
Table 3-5, Mechanical properties of sintered rubber with different cross-link
structures
C-C c-s s-s s-s-s-s
Bond Energy
(kcal/mol) 93
Strength 9.2
(MPa) (40% Original)
Elongation 255
at Break (%) (43% Original)
Type of
Crosslink Radiation/
Peroxide
65 50 35
14 15 8
(60% Original) (64% Original) (100% Original)
296 303 250
(49% Original) (51% Original) (100% Original)
Efficient Conventional Thiokol Rubber
Vulcanization Vulcanization
Figure 3.33 shows the effect of the zinc oxide concentration on the mechanical
properties. It should be noted that these mechanical properties are poor because this is a
lower grade natural rubber however, the trends should be indicative of all sintered rubber.
In this case, the zinc oxide was added to the raw rubber before vulcanization (i.e. milled
into the rubber compound). As the amount of zinc oxide is increased, the mechanical
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properties of both the vulcanized rubber and sintered sheets remain constant. Therefore,
an additional excess of zinc oxide (which is typically already in excess in most common
rubber formulations) plays a minor role in both the sintering and vulcanization process.
This is interesting since the addition of zinc oxide to the rubber powder before sintering
decreases the mechanical properties. This is shown in Figure 3.34. In this case the
effect is due to the non-binding characteristic of zinc oxide. The zinc oxide acts as a
filler that does not bond to the matrix, and acts more like a flaw which reduces the
properties. This effect was confirmed by sintering together another non-active filler with
powder rubber. The resulting rubber part had similar poor mechanical properties.
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Figure 3.33, The effect on the mechanical properties of adding excess
zinc oxide to unvulcanized rubber followed by vulcanization and then
sintering. This was done with SBR unfilled rubber vulcanized at
160°C for 12 minutes and at 1250 psi. The zinc oxide was milled into
the raw rubber using a Banbary mixer. The resulting rubber was
cyro-ground in liquid nitrogen. The sintering was done at 200°C for 1
hour and at 1250 psi.
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Figure 3.34, The effect on the mechanical properties of adding excess
zinc oxide to rubber powder prior to sintering. The zinc oxide was
powder mixed using a conventional blender. The resulting rubber
powder was sintering at 200°C for 1 hour and at 1250 psi.
3.8 Mechanical Properties of Polysulfide/Thiokol Rubber
Rohm and Haas supplied us with the sheets of polysulfide rubber vulcanized via
the ASTM standard. The sheets were grounded into powder using the Spex Cryo-
grounder. The powder was sintered, as previously discussed, and mechanical properties
were obtained using similar methods.
Figure 3.35 shows the mechanical properties of Thiokol rubber versus the
molding temperature at a 1 hour and at a pressure of 8.5 MPa. The solid points in this
figure represent the heat-treated sheets and the hollow points represent the sintered
sheets. The mechanical properties of the heat-treated sheets are constant until 160°C.
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Figure 3.35, The effect of the mechanical properties as a function of
molding temperature for polysulfide rubber (Thiokol ST) molded for
1 hour and at 1250 psi. The solid points represent the heat-treated
sheets and the hollow points represent the sintered rubber sheets. The
modulus (triangles) and strength (diamonds) are on the left axis and
the elongation (squares) is on the right axis.
Reversion begins above this temperature and the strength and modulus decrease. The
mechanical properties of the sintered rubber increase until intersecting with the heat-
treated curve at around 140°C. Therefore, there is a processing window that occurs
between 140 and 160°C, whereby it is possible to recover 100% of the starting properties.
This is different than NR and SBR because the reversion or over-cure begins well before
the sintered rubber reaches the starting mechanical properties. This is due to the similar
bond energies of the backbone (C-C) and cross-link (C-S) for both NR and SBR.
Conversely, TR has a large difference between the weakest bond (S-Sx-S) and the
strongest bond (C-C). Figure 3.37 shows the stress-strain behavior for the polysulfide
rubber.
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Figure 3.36, Stress-strain curve for polysulfide rubber molded for 1
hour and at 1250 psi. The starting properties represent labeled "As
Received". The dotted curves represent the sintered properties and
the solid curves are the heat-treated properties.
This data demonstrates that greater than 90 % retention of properties are obtained for this
type of rubber. Although polysulfide rubbers are no longer produced in large quantities,
these results offer great insight into the types of chemistry and mechanisms that other
rubbers may be undertaking in this process. Additionally, the large percent retention for
this system offers hope that other systems can be modified to produce similar results. As
previously shown in Figure 3.32, polysulfide rubbers have some of the weakest chemical
bonds of all rubbers. It has also been shown that as the chemical bond energy decreases,
the recyclability increases (i.e. the percent recovery in properties). With this information,
it should now be possible to engineer rubbers to be more recyclable.
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3.9 Mechanical Properties of Polyurethane-Acushnet and Polyroll
The polyurethane for this study came from two local companies, who are also our
industrials partners. Acushnet Rubber supplied us with polyurethane powdered foam that
came from a grinding step in one of their commercial processes. Polyroll, on the other
hand, supplied us with industrial scrap that was ground into powder using the Spex Cryo-
grinder.
Recently, it was discovered that high-pressure high-temperature sintering is a
viable technique for cross-linked polyurethanes. Figure 3.37 shows the effect of molding
temperature on the mechanical properties of a PU obtained from Acushnet. The panels
were molded at 1 hour and at 8.5 MPa pressure. The mechanical properties of the
polyurethane increase until the critical point. This temperature is most likely the same
behavior as documented with natural rubber. Above the critical temperature, the
modulus and strength are decreasing while the elongation at break is increasing. This is a
typical behavior indicative of a system that is undergoing reversion. Figure 3.38 also
shows a similar effect. The panels in Figure 3.38 were molded for 1 hour at 8.5 MPa
pressure at the respective temperature. During a demonstration to Polyroll Inc., a PU
sheet was molded at 220°C for 3 minutes and had a tensile strength of 15 MPa.
Therefore, PU rubbers also demonstrate a time-temperature relationship. The sintered
polyurethanes were able to recover -70% of the starting mechanical properties. The
polyurethanes have yielded the highest tensile strengths achieved via this process. The
tensile strength of 26 MPa was obtained for 150°C for 1 hour at 8.5 MPa pressure. It
should be noted that these conditions are by no means optimized. There is much
additional work that could be done on these systems.
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There are two likely mechanisms of particle adhesion. First, the hard segments
could recrystallize across the interface. This is similar to the work done by I.M. Ward
and R.J. Farris on hot-compaction of UHMWPE (Spectra). Second, the ester bond is
known to be a reversible bond. This reversibility leads to chemical stress relaxation
through the breaking and remaking of the ester bonds during the process. Additionally,
refoaming of the sintered sheet was done with the help of Terrence Caskey using C02 and
it was found that refoaming is plausible.
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Figure 3.37, The effect of the mechanical properties as a function of
molding temperature for polyurethane (Acushnet Rubber) molded for
1 hour and at 1250 psi. The modulus (triangles, crosses, and circles
for 100%, 200% and 300% respectively) and strength (diamonds) are
on the left axis, while the elongation (squares) is on the right axis.
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Figure 3.38, The effect of the mechanical properties as a function of
molding temperature for polyurethane (Polyroll Inc) molded for 1
hour and at 1250 psi. The modulus (triangles) and strength
(diamonds) are on the left axis, while the elongation (squares) is on the
right axis. A tensile strength of 12 MPa was obtained by molding at
220°C for 2 minutes and at 1250 psi.
3.10 Mechanical Properties of EPDM- ExxonMobil
The final rubber that was attempted to be recycled was peroxide cured EPDM.
This rubber was compounded by Exxon-Mobil and was cured and ground in-house using
a Carver Model C melt press and a Spex Cryo-grinder. This rubber turned out to be the
most difficult to sinter. This is due to the carbon-carbon cross-links which have the
highest bond energies. As previously stated, for this sintering process to be effective,
enough energy has to be added to the system to allow for cleavage of the cross-links.
However, this should be done without gross cleavage of the rubber backbone, since this
would lead to poor mechanical properties. For the case of EPDM, the bond energies of
the cross-link and the backbone are very close. Therefore, it is difficult to fracture only
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the cross-link. EPDM rubbers that are sulfur cured have a higher recovery of the
mechanical properties when compared to peroxide cured EPDM. Nonetheless, both are
considerably less recyclable than unsaturated rubbers. Therefore, it seems that the
unsaturated backbones (i.e. double bonds) are playing an important role in rubber
sintering. Figure 3.39 shows the stress-strain curve for EPDM rubber. The starting
rubber has a tensile strength of 12 MPa with 300% elongation. The sintered rubber parts
have a tensile strength of 1.5 MPa and 75% elongation. With the incorporation of a
three-armed molecule, which had carbon-carbon double bonds at the end, the strength
increased to 4 MPa without a decrease in the elongation at break. This again shows the
importance of carbon-carbon double bonds in the sintering process.
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Figure 3.39, Stress-Strain curves for EPDM (ExxonMobil) sintered
for 1 hour and at 1250 psi. The EPDM was compounded with a
typical peroxide cured formulation. There are three curves for 230,
250, and 280°C. All the curves show little improvement in the
mechanical properties. However, by adding DCP (dicumyl peroxide)
and TMPTA (trimethylopropane trimethacrylate) to the rubber
powder followed by sintering at 280°C for 1 hour and at 1250 psi.
There is a tremendous improvement in the mechanical properties.
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3.11 Conclusions
Overall, work with these systems has shown that rubbers with good mechanical
properties can be obtained from waste and scrap rubber. Unfortunately, the specific
mechanism of sintering is different for each type of thermoset. The mechanism is
dependent upon many different variables including the molding variables, the particle
size, many variables that are dependent on the surface of the particles as well as the
chemical structure of the rubber. This is a very complex system yet rubber sintering is a
very simple technique to yield a solid rubber part however; careful control over these
variables is needed to yield rubbers with excellent mechanical properties.
In general, the mechanism involves the breaking and remaking of the cross-link
bonds. Since the mechanism is different for each type of rubber, there is not a general set
of molding conditions to yield good properties for all rubbers. Studying the different
rubbers, however, has yielded insight into how the different systems work. For example,
the cross-links in sulfur cured natural rubber, as well as the chemical backbone,
breakdown at the temperatures employed in the sintering process. This leads to a
decrease in the maximum obtainable strength via reversion. SBR systems over cross-
link, which lowers the mechanical properties. The polysulfides maintain a constant
number of cross-links and recover 100% of the mechanical properties. It is our belief that
this is the reason for the large retention in properties due to the ideal intermittent
chemical stress relaxation (i.e. reforming of every broken cross-link).
Table 3.6 is a summary of the different types of rubbers sintered together by high-
temperature high-pressure sintering. The numbers in parentheses are the starting material
properties. The properties of virgin materials were unavailable for some of the rubbers
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tested. This is because Rouse Rubber Industries Inc. supplied many of the materials in
the form of powder derived from scrap tires. The exact starting mechanical properties
were unknown and could not be measured. It is important to note that commercially
produced powders ground from tires are a blend that contains different types of rubber
from different manufacturers. This will likely lead to lower mechanical properties than
that of sintered parts produced from more homogeneous materials. Additionally, it is
impossible to obtain sheet stock to evaluate the mechanical properties of these powders.
Table 3-6, Summary of the mechanical properties obtained by rubber
sintering
Rubber Type Virgin
Strength
(MPa)
Virgin
Elongation
(%)
HPHTS
Strength
(MPa)"
HPHTS
Elongation
(%y
Retained
Strength
(%)
Retained
Elongation
(%)
SBR-80 N/A N/A 5.9 233
GF-80 N/A N/A 4.1 234
McMaster-Carr NR 7.5 603 3.5 530 47 88
Bayer SBR 24 650 15 350 63 54
Acushnet Black NR 13.0 b 250 b 9 220
Thiokol Polysulfidc 8 254 7.6 311 95 122
a HPHTS - High-pressure high-temperature sintering (best properties obtained)
b
Approximate properties - Rubber was obtained in strip form and could not be tested in ring geometry.
Finally, the model of time-temperature-pressure superposition works well for
these systems. This model yields valuable knowledge because for some rubber parts the
vulcanization times are controlled by heat transfer rates, not the reaction rates. In this
case it could be possible to sinter rubber at a lower temperature for a longer time in order
to yield a desired mechanical response. This can also be taken to the other extreme by
molding small parts at very short times and at very high temperatures.
In conclusion, the investigation into various types of rubber, shown in Table 3-7,
has provided insight into the mechanism of sintering and how sintering can be controlled
to yield better mechanical properties. This will be discussed in more detail later in this
thesis, but here is one quick example. By adding a compound that adds cross-links to
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natural rubber, it is possible to obtain better mechanical properties with -40% increase in
strength without any loss in elongation compared to the best achievable sintered strength.
Table 3-7, Types of thermosets sintered via High-Temperature High-
Pressure Sintering
Material Cross-link
Epoxy (Epon 828) Diamine Cured Shell Chemical
Polyethylene Radiation H.H. Winter Research Group
Various*Natural Rubber Sulfur
SBR Sulfur Various*
SBR Peroxide Acushnet Rubber
EPDM Sulfur McMaster Carr
EPDM Peroxide ExxonMobil
Polyurethane Ester Polyroll, Acushnet
Viton Peroxide Dupont-Dow Elastomers
Butyl NA McMaster Carr
Chloroprene NA McMaster Carr
Buna-N (nitrile) NA McMaster Carr
Silicone NA Rouse Rubber
Silicone
* A _ . . _ 1 L l-» II
NA McMaster Carr**
The only material tested which did not Sinter to any reasonable extent
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CHAPTER 4
ADDITIVES
With the mechanical property of vanous rubbers characterized and the effect of
molding variables understood, there was an endeavor made to accelerate the sintering via
interchange chemistry. This was done by using vanous additives that were powder
mixed into the rubber powder prior to sintering.
4.1 Experimental
4.1.1 Gel Permeation Chromatography (GPC):
The number average molecular weights (Mn), weight average molecular weight
(Mw), and polydispersity mdex (Mw/Mn) were obtained usmg gel permeation
chromatography (GPC). The samples were dissolved in THF and sent through the column
at a flow rate 0.95 mL/min. at 30°C. The molecular weights were calculated using 13
narrow polystyrene standards from 6,300,000 to 580 g/mol.
4.1.2 Attenuated Total Reflection (ATR):
Attenuated total reflection (ATR) experiments were done using a Perkin Elmer
2000 in dry nitrogen atmosphere at room temperature on the sintered samples directly
with a 4 cm"
1
resolution and 128 scans signal average. A KRS 5 (thallium bromine
iodide) crystal was used. Spectra were taken from 5000 to 400 wave numbers (cm" 1 ) in
the transmission mode using a NBMCT detector. The ATR data is presented in this paper
without any correction or modification.
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4.1.3 Electron Ionization Mass Spectra (EIMS):
Electron Ionization Mass Spectra (EIMS) was performed on a JEOL (Peabody,
MA) JMS
- 700 MStation double focusing magnetic sector spectrometer. Samples were
introduced via a direct insertion probe and heated in a vacuum at 4°C/min from 50 to
500°C. Spectra were acquired with an ionizing energy of 70 eV from 50 to 1600 Daltons
(m/z). Individual spectra were averaged over the temperature range of interest.
4.2 Mechanical Properties
Figure 4.1 shows the effect of adding additional sulfur to the powder on the
mechanical properties. The addition of sulfur accelerates the process of sintering. This
acceleration occurs via two reactions: 1) accelerating the interchange reaction and 2)
sulfur adding additional cross-links. By adding 1 weight percent of sulfur, it is possible
to decrease the molding time by a factor of three at constant pressure and temperature.
Such a material would yield similar mechanical properties. In other words, a rubber
molded without sulfur at 1 hour is mechanically equivalent to a part with 1 wt% sulfur
molded at 20 minutes. In Figure 4.1, the elongation at break increases up to one weight
percent sulfur loading and then decreases with additional sulfur. The decrease in
elongation is a common trend of a material with increasing cross-link density or
increasing modulus. This will be further discussed in Chapters 5 and 6. There is also an
increase in strength, although the strength of the panel increases monotonically as the
amount of sulfur increases. By adding small amounts of sulfur, one obtains a 25%
increase in elongation at break and an 84% increase in strength when comparing it to
100%) powder rubber molded at the same molding conditions. It is possible to make a
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stiff and brittle material (hard rubber) with 0.6 GPa modulus, 22 MPa strength, and 6%
elongation at break at 20 weight percent sulfur. This material is very similar to Ebonite.
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Figure 4.1, The effect of adding elemental sulfur to the rubber powder
prior to sintering on the mechanical properties of SBR-80 molded at
200°C for 1 hour and at 8 MPa. The sulfur was mixed into the rubber
powder using a blender. The mechanical properties were tested using
a ASTM D638 tensile bar.
4.3 Other Additives
Since the first attempt at sintering with additives was a success, the goal was then
to understand the mechanism these additives were playing in the sintering process. This
was accomplished by studying how various additives affect the mechanical properties of
sintered rubber. The next logical additive, after sulfur, was to combine the other common
materials used in a typical rubber formulation (i.e. zinc oxide and rubber accelerators).
The additives studied are listed in Table 4.1.
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Figure 4.2, Chart showing the general effect that the additives have on
the mechanical properties of natural rubber. The general trends are
shown in the middle of the chart while the effects of specific additives
on strength and elongation are shown on the left and right
respectively.
Table 4-1, List of additives used to accelerate the sintering reaction
Material Company
Stearic Acid Flexsys
Zinc Oxide Aldrich
N-cycohexyl-2-benzothiazole sulfenamide (CBS) Flexsys
Benzoic Acid Aldrich
Salicylic Acid Aldrich
Maleic Acid Aldrich
Phthalic Acid Aldrich
Maleic Anhydride Aldrich
Phthalic Anydride Aldrich
Phthalimide Aldrich
Figure 4.2 shows the general trend of the effect of additives on the mechanical properties.
Generally, compounds that are used to accelerate sulfur vulcanization have a negative
effect on the sintering processes. However, compounds such as acids and inhibitors
which are used to slow or prohibit vulcanization, are beneficial to rubber sintering.
Additionally, for rubbers that exhibit a decrease in cross-link density (i.e. reversion)
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another class of material ealled anti-reversion agents work extremely well in increasing
the mechanical properties of the sintered rubbers. Anti-reversion agents typically work in
two ways 1) to replace the broken cross-link or 2) to slow/stop the Zinc Catalyzed
reaction that leads to reversion.32
"34
4.4 Mechanical Properties
The following is the effect on the mechanical properties of the various additives
in Table 4.1. The stress-strain curves of virgin vulcanized natural rubber, designated as
NR (org.), and sintered vulcanized natural rubber powder, noted as NR (sint.), are shown
in Figure 4.3. The sintered properties are inferior when compared to the vulcanized
properties. Generally, CBS (Cyclohexylbenzothiazole sulfenamide)[a common
accelerator] is a sulfur-donating agent and it increases the cross-link density of natural
rubber. Typically, this results in high tensile properties, therefore CBS was added to the
vulcanized rubber powder. Figure 4.3 shows the effect that CBS has on the stress-strain
curves of sintered NR. Contrary to our expectation, CBS shows a drastic reduction in the
mechanical properties. It was also found that both ZnO and stearic acid decrease the
tensile properties as well as other typical sulfur accelerators. 36
"37
This is a contradiction to
the expected result since all of these materials are used to promote sulfur vulcanization.
Therefore, the only compound that is in a common rubber formulation that facilitates
rubber sintering is sulfur. Typical rubber accelerators show a decrease in the mechanical
properties as noted in Figure 4.3. Therefore, it is believed that the mechanical properties
of sintered rubbers can be improved by scavenging Zn-accelerator complexes38
"39
or free
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accelerators present in vulcanized rubber. These complexes cause the reaction
equilibrium to reverse at high temperatures, therefore favoring the uncross-linked rubber.
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Figure 4.3, The effect that adding CBS (a common rubber
accelerator) has on the stress-strain curve of NR (McMaster-Carr).
The original properties are labeled NR (org) and the sintered I
properties (180 for 1 hour and at 1250 psi) are labeled NR (sint). The
weight percent of CBS is shown in parenthesis.
The zinc complexes that facilitated the vulcanization now catalyze reversion. Organic
acids and their corresponding anhydrides are known as potential vulcanization inhibitors.
These materials are typically used to increase the induction time or scorch safety in
rubber compounds.40 Figure 4.4 exhibits the best stress-strain curve for the various
compounds (Table 4.1). In all cases (except adipic acid), the tensile strength and
elongation at break have slightly increased compared to the sintered rubber. The 100%
modulus of the rubbers with additives is the same as the sintered rubber. However, both
moduli are lower than the starting moduli of the rubber.
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Figure 4.4, The effect that adding common acids (vulcanization
inhibitors) has on the stress-strain curve of NR (McMaster-Carr).
The original properties are labeled NR (ori) and the sintered
properties (180 for 1 hour and at 1250 psi) are labeled NR (sint). The
weight percent of acids are shown in parenthesis. All of these
compositions were sintered at 180°C for 1 hour and at 1250 psi.
Generally, sulfur vulcanization is driven in alkaline media and therefore, acids typically
slow rubber vulcanization by reacting with the rubber accelerators. 41
"43
Generally,
whenever tensile strength has been increased, the elongation at break has also been
enhanced. The next logical step was to attempt a similar study with the anhydrides of the
corresponding acids. Anhydrides were used to reduce the acidity of the additive.
Astonishingly, a further improvement in the mechanical properties was noted (Figure
4.5). Five wt. (%) of phthalic anhydride in rubber powder has been able to return
approximately 70% of the original property (Figures 4.5). The 100% modulus of these
materials is larger than the sintered rubber, however, it is still less than the starting
material.
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Figure 4.5, The effect that adding phthalic and maleic anhydride has
on the stress-strain curve of NR (McMaster-Carr). The original
properties are labeled NR (org) and the sintered properties (180° for 1
hour and at 1250 psi) are labeled NR (sint). The weight percent of the
additive is shown in parenthesis. Phthalic anhydride is represented
by the dotted curve and maleic anhydride is represented by the solid
unlabeled curve.
Furthermore, substituting an electron-withdrawing group [e.g. nitro group (+1, +R
effects), chloride (+1, -R effects)] for a hydrogen on the benzene ring of phthalic group
decreases the tensile properties. Figure 4.5 shows the effect of phthalic and maleic
anhydrides on the mechanical properties of the sintered rubbers. The recipes for these
two additives are shown in Figure 4.5. In all cases, the mechanical properties have been
improved with the addition of the maleic and phthalic anhydrides. Replacing anhydrides
with imides (further reducing the acidity of the additive) in the vulcanized natural rubber
powder equates to almost 75% recovery of the original mechanical properties as shown in
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Figure 4.6. By additionally increasing the alkaline effect of the additive (methyl
substitution of phthalimide (N-methyl phthalimide}) there was a decrease in the
mechanical properties, as shown in Figure 4.6. Excess electron density on nitrogen or the
steric hindrance around nitrogen both can reduce the probability of the phthalimide
reacting with the species that catalyzes reversion in the sintering process. This effect is
further illustrated by chloro (-C1) or nitro (-N02 ) substitution of the phthalic anhydride.
These materials show a decrease in the mechanical properties compared to phthalic
anhydride. Nonetheless, these results clearly show that by varying the chemical nature of
the organic additive, the mechanical properties can be improved in sintered vulcanized
natural rubber. Details of the mechanism will be discussed in the following sections
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Figure 4.6, The effect that adding phthalimide and N-
methylphthalimide has on the stress-strain curve of NR (McMaster-
Carr). The original properties are labeled NR (org) and the sintered
properties (180° for 1 hour and at 1250 psi) are labeled NR (sint). The
weight percent of the additive is shown in the legend. Phthalimide is
represented by the solid line and N-methylphthalimide represented by
is the dotted unlabeled curve.
84
4.5 ATR IR42
ATR spectra of various vulcanized natural rubber sheets are shown in Figure 4.7. The
vulcanized natural rubber sheets have been heated to 185, 210, and 235°C respectively
with an 8.5 MPa pressure for one hour. All the usual peaks are present for cis-
polyisoprene (natural rubber)[1663 cm 1 (for vc=c), 1447 cm" 1 and 1372 cm" 1 (for 5CH2
deformation), 832 cm" 1 (Yc,H bending), and peaks from 2969 cm" 1 to 2849 cm" 1 for (vc.H
saturated, stretching)]. There is a new peak that appears for the heat-treated samples at
1539 cm" 1
.
The transmittance intensity of this peak increases as the temperature
increases. The new peak at 1539 cm" 1 is assigned as the stretching frequency of a methyl
assisted conjugated double bond [v_(CH=cH)n-, when n>6].43
"47
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Figure 4.7, ATR-IR of vulcanized rubber showing the effect of
temperature on the structure of NR. NR (raw) is the unvulcanized
sample and it shows all of the typical peaks associated with
polyisoprene. As the temperature increases the peak at 1539 cm
increases in relative intensity
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It is well known that as the conjugated double bond forms (due to reversion), the
mechanical properties of the rubber decrease. With the addition of maleic acid and
maleic anhydride, followed by sintering, the peak at 1663 cm" 1 has completely
disappeared and the transmittance intensity of the peak at 1539 cm" 1 has diminished
substantially as shown in Figure 4.8. This suggests that these materials are reacting with
the carbon-carbon double bonds and therefore slow down the reversion reaction (stops
rearrangement at double bond site). Therefore, by slowing/stopping the formation of the
conjugated double bond, there is an improvement noted in mechanical properties. There
is a similar effect with both phthalic anhydride and phthalic acid (1.5% wt), as shown in
Figure 4.8, although, it is likely that these additives do not follow the same mechanism.
NR +2% Phthalic Acid
NR +6% Maleic Acid
NR +4% Maleic Anhydride
NR + 1 ,5% Phthalic Anhydride
NR (sintered at 200C)
5000 4500 4000 3500
1663
ISVJ
3000 2500
Wavenumber (cm-1)
2000 1500 1000 500
Figure 4.8, ATR-IR of vulcanized rubber showing the effect of acids
and anhydrides on the structure of NR. NR (sintered at 200°C) shows
the 1539 cm" 1 peak while the other four curves have less intense
signals.
86
On the other hand, incorporation of potential vulcanization retarders (like benzoic
and salicylic acids) in rubber powder, yield ATR spectra that maintain both the 1663
cm"' and 1539 cm" 1 peaks (although diminished). This spectrum also shows the other
usual peaks of m-polyisoprene (Figure 4.8). This is likely the reason that there is not a
tremendous improvement noted in the mechanical properties for these additives. Figure
4.8 also shows the spectra for maleic anhydride and phthalic anhydride. It also shows a
diminished intensity of both the peaks at 1663 and 1539 cm" 1
. Finally, Figure 4.9 shows
how both the phthalimide and N-methyl phthalimide affect the ATR spectra. There is a
complete absence of both peaks at 1663 cm" 1 and at 1539 cm" 1 hence the good
mechanical properties.
NR + 2% Phthalimide
NR + 6% N-methylphthalimide
NR + 4% Phthalimide
NR + 4% N-methylpluhalimide
NR (sintered at 200C)
15VJ
5000 4500 4000
i
3500
—i = =—r—
=
3000 2500
Wavenumber(cm-I)
2000 1500 1000
T-
500
Figure 4.9, ATR-IR of vulcanized rubber showing the effect of
phthalimides on the structure of NR. NR (sintered at 200°C) shows
the 1539 cm" 1 peak while the other four curves have much less intense
signals.
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From the above ATR speetra analysis, it is evident that a new peak at 1539
emerges during our sintering conditions. This peak is present with the usual
-C=C-
stretehing (unsaturation) for m-polyisoprene. As the temperature of sintering is
increased, the intensity of the 1539 em"' is enhanced. It appears that there are three
different types of reactions that occur after incorporation of various additives in
vulcanized natural rubber powder. The complete absence of the 1663 cnT 1 peak (due to
double bond present in m-polyisoprenej with the addition of maleic acid and maleic
anhydride suggests the reaction of a dienophile with the conjugated double bonds (1663
cm"
1
). This follows a Diels-Alder reaction scheme. 38
"42
The improvement in mechanical
properties is due to the reduction of the conjugated double bond concentration through
this reaction.
According to reported literatures, when cross-linked m-polyisoprene is heated, it
undergoes a breakdown of cross-links as in Figure 4.10. 38
"41
Therefore, there is little
doubt that desulfurization and reversion occur at the sintering condition. This results in
the following products: (VI) conjugated alkene, (V) alkylthianyl radical, the terminal
double bond by the main chain breakdown, as well as products (I) and (III). The
presence of zinc complexes further promotes reversion. 37-48 During reversion, sulfur
cross-links degrade. This results in a reduction of elasticity and strength. Although,
ATR data does not confirm all of these products, ATR has provided some meaningful
building blocks to support the mechanical properties. Additionally, there have been some
recent efforts to deactivate these Zn-complexes by suitable complexing agents, mainly
nitrogen containing ligands. This supports our use of both phthalimide and N-
methylphthalimide and their corresponding improvements in mechanical properties.
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Figure 4.10, Reaction scheme showing the possible reactions that
could lead to reversion and/or decrease in the mechanical properties,
reaction (a) is the fracturing of the polymer backbone. This leads to a
lower molecular weight and decrease in MP. Reaction (b) leads to the
formation of the conjugated structure through the 1,4
dehydrosulfuration as shown by the IR data. Reaction (c) is the
sulfur-sulfur interchange chemistry that results in cross-link
relinking.
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4.6 EIMS42
To complement the ATR study, EIMS analysis of the sintered samples has been
undertaken. This was done at temperatures where the cross-linked structure/polymer
backbone can be cleaved. At lower temperatures (50 - 400°C), mass peaks correspond to
low molecular weight volatile compounds that were used to vulcanize the rubber (i.e.
MBT [(m/z) = 135], ZnO [(m/z) = 81], alkyl fragment [(m/z) = 69], stearic acid [(m/z) =
129, 284] etc). At the higher temperatures (400 to 500°C) (Figure 4.1 1), the major peaks
correspond to the series of oligomers of polyisoprene repeat unit [(m/z) = 68n], and a
series of oligomers with sulfur [(m/z) = 68n + 32] in vulcanized natural rubber. This
result is very interesting since it shows that monosulfide linkages are stable at high
temperature. There is also evidence of a series of both di and polysulfides links [(m/z) =
68n+32m] {not shown}.
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Figure 4.11, Mass spectrum of virgin natural rubber as received from
McMaster-Carr.
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Based upon these mass spectra peaks one can conclude that there is a chain scission a.
(a), (b), and (c) as shown in Figure 4.10.
With the addition of maleic anhydride in the vulcanized natural rubber powder,
the EIMS (Figure 4.12) is completely different from the sintered sheet without any
additives (Figure 4.1 1). The EIMS of maleic anhydride (from 50 to 500°C temperature)
provides a series of peaks that correlate to (m/z) = 68n ± 2 + 98 (maleic anhydride).
Therefore maleic anhydride is undergoing a Diels-Alder reaction to chemically bond to
natural rubber and prohibit the formation of the conjugated diene structure. This reaction
seems to slow the reversion of natural rubber and therefore the mechanical properties of
treated rubbers are higher than ones not treated. Chain breaking, as shown in Figure
4.10, is also confirmed for these mass spectra.
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Figure 4.12, Mass spectrum of natural rubber sintered at 180°C for 1
hour and at 1250 psi with 4 wt% phthalic acid. Phthalic acid was
powder mixed with the natural rubber powder (cyro-ground) by
using a blender
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With the addition of phthalimide into vulcanized natural rubber, the spectrogram
pattern looks very similar to that of untreated natural rubber, as shown in Figure 4.13.
This is in contrast to the maleic anhydride case because it appears that phthalimide does
not react with the rubber backbone. Nonetheless, large improvements in the mechanical
properties are achieved. It is believed that the phthalimide reacts with Zn complexes,
thus slowing down the zinc-mediated reversion of natural rubber. This reaction is
primarily responsible for the chain breakdown and formation of conjugated dienes.
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Figure 4.13, Mass spectrum of natural rubber sintered at 180°C for 1
hour and at 1250 psi with 4 wt% maleic anhydride. Maleic anhydride
was powder mixed with the natural rubber powder (cyro-ground)
using a blender.
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From the EIMS analysis, it is evident that there is a certain change after sintering.
Although there are the expected peaks corresponding to isoprene oligomers (m/z) - 68n ±
2 and oligomers with sulfur lor the vulcanized cases (m/z) = 68n + 32 in vulcanized
natural rubber (Figure 4.11) and the sintered rubber (Figure 13). Addition of maleic
anhydride to the vulcanized ground rubber leads to the addition of the maleic anhydride
to the conjugated diene with and without sulfur cross-links (Figure 14). This addition of
maleic anhydride slows the reversion of natural rubber allowing for an improvement in
mechanical properties. The situation is somehow different in the phthalimide treated
sample. Phthalimide shows an improvement in mechanical properties without bonding to
the rubber backbone and it is believed that it reacts with Zn complexes to stop/slow
reversion via this route. This also supports the ATR data in the previous section.
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Figure 4.14, Mass spectrum of natural rubber sintered at 180°C for 1
hour and at 1250 psi with 4 wt% phthalimide. Phthalimide was
powder mixed with the natural rubber powder (cyro-ground) using a
blender.
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The absence of 1539 cm" 1 peak in ATR and (m/z) corresponds to 68n ± 2 in
phthalimide, clearly indicates that there is no conjugated double bond formation in
phthalimide treated vulcanized natural rubber sintered sheets. However, the phthalimide
does not seem to react with the rubber. On the other hand, maleic anhydride reacts at the
double bond through a Diels-Alder reaction. This correlates to both a reduction of the
double bond peak intensity shown by ATR (Figure 10) and the diene fraction observed
via EIMS (Figure 14). Maleic anhydride scavenges the double bonds that form due to
cross-link breakdown. This results in an increase in the physical properties. Phthalimide
or N-methyl phthalimide inhibit the zinc mediated reversion or diene formation.
Moreover, it retards in the oxidation at double bond, thereby, increasing the mechanical
properties in the phthalimide treated samples. Work with a model compound may
highlight the details of the reaction of phthalimide with natural rubber in the "High-
Temperature High-Pressure sintering" process, and is currently underway.
4.7 Conclusions
A tremendous insight into the mechanism of rubber sintering has been gained
from the information yielded from both ATR-IR and EMIS. This data supports the idea
that reversion reactions are responsible for the decease in the mechanical properties of the
heat-treated sheets. The data also shows that certain additives can slow/stop reversion. It
also shows that chemicals can react with the zinc complexes that are responsible for
much of the chemical changes. This information has also lead to new approaches to the
problem, including a method of controlling the reversion reactions. With control of this
chemistry, it would be possible to control the mechanical properties of the final sintered
part. Additionally, through these techniques we have gained an understanding of the
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effect that the rubber backbone has on the sintering process. This is important
energy must be added in order to sinter together a rubber system. This energy affects the
system in different ways depending on the type of rubber, the cross-link chemistry and
the other additives in the rubber. This is shown in Chapter 3 as the effect of mechanical
properties versus cross-link structure.
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CHAPTER 5
INTERCHANGE CHEMISTRY
Interchange chemistry has long been known to occur in thermosetting matenals.
These reactions date back to work done by A.V. Tobolsky in the 1950s. 15- Chemical
stress relaxation is defined as the mechanical relaxafion of stress caused by the
exchanging of chemical bonds of a network (i.e. breaking of chemical cross-links).
Chemical stress relaxafion can yield information about the changes associated with the
cross-fink network at elevated temperatures. Interchange reacfions hold the key to
understanding and optimizing rubber sintering. Of particular interest is the modulus of
the material. The modulus yields information about the cross-link density of the overall
rubber network. Figure 5.1 from A.V. Tobolsky and W.J. MacKmght shows the
intermittent chemical stress relaxation curves versus time at a 130°C for natural rubber
(NR), polysulfide/Thiokol rubber (TR), and styrene-butadiene rubber (SBR). f(t)/f(0) is
proportional to the relative modulus. f(t)/f(0) of polysulfide rubber is constant with a
value of one. This correlates to the formation of one bond for every bond that is broken
(i.e. constant cross-link density). On the other hand, the relative modulus for NR
decreases and the modulus for SBR increases. Therefore, NR is reverting into an
uncross-linked material, while SBR is forming additional cross-links. This is extremely
important, as work by A.N. Gent illustrates that there is a parabolic correlation of
strength and cross-link density with a maximum as shown in Figure 5.2 (21). Starting at
the maximum in this figure, the strength will decrease by either increasing or decreasing
the cross-link density. This correlates to over-cure and reversion, respectively. The
phenomena of reversion and over-cure have been studied for many years. There are
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many publications discussing materials which slow/stop the reversion/interchange
reactions, thus creating more thermally stable rubbers. 36
"46
Additionally, M. Bellander
et al. have shown that polybutadiene rubber is capable of self vulcanization at high
temperatures, while polyisoprene does not show this ability. 35 This data also suggests
that rubber containing butadiene at high temperatures will over-cure, while rubbers
containing isoprene will revert.
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Figure 5.1, Intermittent chemical stress relaxation for polysulfide
(diamonds), natural rubber (triangles) and SBR (circles) all at 130°C.
F(t)/f(0) is defined as the stress at time (t) divided by the initial stress.
Therefore, a constant value of 1 correlates to no change in the number
of bonds. A decrease in f(t)/f(0) correlates to a decrease in the number
of bonds. An increase in f(t)/f(0) correlates to an increase in the
number of bonds (From A. Tobolsky C and W. MacKnight20)
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Figure 5.2, The effect of cross-link density (v b) on ultimate strength
(ob). conventional vulcanization cross-links to the maximum.
Therefore, any changes in the cross-link density will decrease the
strength (From A.N. Gent Science and Technology of Rubber).
5.1 Chemical Stress Relaxation of GF-80 50
5.1.1 Continuous and Intermittent Stress Relaxation
In Figure 5.3 as the temperature is increased, the stress relaxation of the rubber
occurs faster. This is important because the chemical cross-links have to fracture to
allow for sintering of particles to be possible. This value is related to the number of
reactive species present in the system. As the number of reactive species increases, the
mechanical properties increase until a time whereby all the cross-links are broken (i.e.
1 00% reactive groups or when the continuous stress decays to zero). At 1 40°C, it takes a
long time (thousands of minutes) for the stress to decay to zero.
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Figure 5.3, Continuous stress relaxation of GF-80 as a function of
temperature. GF-80 was sintered at 200°C for 1 hour and at 1250 psi.
This would correlate to very long molding time intervals. Therefore, high-temperature is
needed to reduce the time for the stress to decay to zero, to the order of minutes, not
hours or days. However, the continuous relaxation is not the only important phenomenon
of rubber sintering, since one also has to balance the intermittent stress relaxation. The
intermittent stress relaxation is also a function of temperature and is shown in Figure 5.4.
This figure shows that as temperature is increased, the intermittent curve begins to
decrease from the ideal value of one. The intermittent curve can be thought of as an
efficiency of the process. The decrease in cross-link density is known as reversion and
leads to a decrease in mechanical properties, as shown in Figure 5.2 and Chapter 6.
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Figure 5.4, Intermittent stress relaxation of GF-80 as a function of
temperature. GF-80 was sintered at 200°C for 1 hour and at 1250 psi.
5 2 Chemical Stress Relaxation of SBR-8050
5.2.1 Continuous and Intermittent Stress Relaxation
In Figure 5.5 as the temperature is increased, the stress relaxation of the rubber is
faster. Again, as previously stated, there are two important reactions: breaking of the old
cross-link network and forming of the new network. Both of these reactions can be
monitored by chemical stress relaxation. The continuous relaxation yields information
about the old network. The faster the decay in this curve, the faster the old network is
being erased. SBR-80 has a faster rate of decay when compared to GF-80 at the same
conditions, although it still takes approximately 1 0 hours for the stress to decay to zero at
140°C. For this reason, the mechanical properties of a rubber sintered at 140°C for 1 hour
would be relatively low.
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Figure 5.5, Continuous stress relaxation of SBR-80 as a function of
temperature. SBR-80 was sintered at 200°C for 1 hour and at 1250
psi.
Therefore, a higher temperature is needed to reduce the time for the stress to decay to
zero. However, as previously stated one also has to balance the temperature dependence
of the intermittent stress relaxation. This is shown in Figure 5.6. This figure also shows
that as temperature is increased, the intermittent curve begins to decrease from the ideal
value of one. SBR-80 has a similar intermittent stress relaxation as GF-80 but SBR-80
has a faster continuous relaxation. This is the reason for the slightly greater mechanical
properties of SBR-80 when compared to GF-80.
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Figure 5.6, Intermittent stress relaxation of SBR-80 as a function of
temperature. SBR-80 was sintered at 200°C for 1 hour and at 1250
psi.
5.3 Model from Chemical Stress Relaxation
Upon examining the results from Figures 5.3-5.6, it was found that the continuous
relaxation could be related to the amount of cross-links that break during heating. In
other words, the continuous relaxation is one minus the number of reactive sights that can
form new cross-links, while the intermittent relaxation relates to the total number of
bonds in the system. Therefore, the difference of the two relates to the amount of newly
formed bonds/cross-links and should be proportional to mechanical integrity (i.e.
strength) of the sintered material. This is shown in the following equation, whereby I is
the intermittent stress relaxation, C is the continuous relaxation, and N is the newly
formed bonds.
N = I-C (5-1)
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Figure 5.7 shows a graph of this equation as a function of the molding temperature. The
diamonds represent the number of cross-links in the system, which are decreasing with
increasing temperature. This is related to the intermittent relaxation or the total number
of bonds in the system. This is also essentially the same trend that results when one heat-
treats rubber sheets. The squares show an increase in the amount of bonds or reactive
species in the process. This curve would also represent the sintered properties if the
intermittent relaxation curve had a value of 1. The difference between the squares and
diamonds are shown by the circles. The circles show the real number of cross-links
formed. This trend is identical to the trend seen previously in Chapter 3. This trend
shows a critical temperature, followed by the heat-treated sheets and sintered parts
exhibiting identical mechanical properties. Another excellent observation from this
model and Figure 5.7 is the significance of many of the extrapolated points. These
include the onset temperature of the interchange chemistry of 80°C. This is the same
temperature that was reported by Tobolsky and MacKnight. The critical temperature of
~200°C for GF-80 is the same as reported in Chapter 3. Finally, this model predicts a 65-
70% recovery in mechanical properties. This result is very typical of many of the other
types of rubber tested, however, the starting properties of GF-80 are unknown to verify
this result.
By taking equation 5-1 and dividing through by [, it is possible to obtain
information about the difference between the bonds at the surface of the particle and the
bonds in the bulk. When the number of new bonds is equal to the number of total bonds
in the system, the interface will have the same cross-link density as the bulk material.
103
Thus can only occur if C goes to zero and C and I are not equal. This also correlates to
the "critical temperature" as defined in Chapter 3
W C
/ / (5-2)
Another nice aspect of this model is its validity in the extreme cases. One extreme is that
no new bonds are formed. In this case, N would be zero and the material would not
sinter. Another extreme is the response of polysulfide rubbers where I is one. As shown
by equation 5-2, the interface is only equal to the bulk when C equals zero. Therefore, N
would equal 1 and this material would recover 100% of the strength, as it experimentally
does.
5.4 Conclusions
The chemical stress relaxations in rubbers are paramount to the sintering process.
The continuous relaxation is needed to allow for chain mobility and the formation of the
reactive sights to relink the particles, while the intermittent relaxation is a measure of the
efficiency of the reknitting process. The mechanical properties of sintered GF-80 or
SBR-80 at 140°C are poor because at 1 hour only 10% of the bonds have fractured and
80%) of the 10%) have reformed. Theoretically, the most ideal system would fracture
(continuous relaxation) 100% of the cross-links within minutes and reform 100% of those
fractured bonds (Intermittent relaxation).
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Figure 5.7, A model based upon the chemical stress relaxation data
This model predicts the trends in the mechanical properties of
sintered rubber. Diamonds represent the intermittent stress
relaxation curve, which is related to the total number of bonds in the
system (or the efficiency of the process). The squares represent one
minus the continuous relaxation, which is proportional to the number
of reactive groups in the system. The circles represent the
intermittent minus the continuous, which is the response of the
sintered rubber.
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CHAPTER 6
SWELLING
Since thermosets do not dissolve or melt, as was stated in the introduction, it
renders them incapable of being analyzed by a majority of the typical characterization
techniques commonly used on polymers. However, the measunng of how much a rubber
swells in a solvent can provide some useful information. This includes the cross-link
density and the sol-gel fraction of the cross-linked network. Figure 6.1 shows that the
100% modulus of a cross-linked rubber is directly proportional to the inverse of the
swelling ratio. The swelling ratio is defined as the mass of the swollen rubber divided by
the initial mass. It is well known that the swelling ratio is directly proportional to the
cross-link density through the Flory-Reiner equation.
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Figure 6.1, 100% modulus versus the inverse of the swelling ratio Q.
Q is the swollen mass over the initial mass.
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Therefore, the 100% modulus is directly related to the cross-link density. This is a very
important point when considering rubber recycling via sintering. Table 6.1 shows the
mechanical properties obtained for three rubbers: natural rubber (NR), styrene butadiene
rubber (SBR) and polysulfide rubber (TR). The vulcanized properties were optimized
and cured at 90% of the optimum time (t90 ). Both NR and SBR sintered mechanical
properties are less than the starting properties while the sintered TR can achieve 100%
recovery. This is due to the trends shown in Figures 5.1 and 5.2 from A.V. Tobolsky et
al. and A. N. Gent, respectively. As previously stated. Figure 5.1 yields information
about the cross-link density. If the relative modulus is greater than unity, the cross-link
density is increasing and if the relative modulus is less than unity then the cross-link
density is decreasing. Since NR reverts (reducing the cross-link density) and SBR over-
cures (increase the cross-link density) the final strength of these materials should
decrease due to the change in network structure. This will be further discussed in the
next three sections.
6.1 Natural Rubber
Figure 6.2 shows the effect of the mechanical properties versus molding
temperature for NR. The strength and modulus are plotted on the left hand axis while the
elongation at break is shown on the right hand axis. The solid data points represent the
heat-treated sheets and the hollow points represent the sintered powder. The sintered
parts and heat-treated sheets were molded at 1250 psi (~8 MPa) for 1 hour. The symbols
on the figures correlate as follows: diamonds represents strength of sintered NR, NR
sintered with Perkalink-900 (bis citraconimide) is represented by squares, and a circle
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represents the starting properties. Figure 6.2 shows a decrease in the strength of the heat-
treated sheets as the molding temperature increases (note that the decrease in strength
was measured, but the shape of the curve follows Gent's work). The decrease in strength
is due to the change in cross-link density, which lowers the ultimate strength following
the same trend. This phenomenon is shown in Figure 5.2. The strength of the sintered
NR increases until the sintered curve intersects with the heat-treated sheet curve. At this
intersection, the sintered rubber and heat-treated rubber are mechanically identical.
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Figure 6.2, The effect of the swelling ratio (1/Q) on the strength of
black filler natural rubber. The circle represents the starting
strength. The diamonds represent the strength of the sintered natural
rubber from 160 to 220°C by 20 degree increments. The squares
represent natural rubber sintered with Perkalink 900 (an anti-
reversion agent from Flexsys Inc.) in the same temperature range.
For the diamonds, the temperature increases from right to left.
However, for the squares, temperature increases from left to right.
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The sintered properties are mechanically equivalent to the heat-treated sheets at this
intersection; therefore the mechanical property are limited by the changes of the cross-
linked network at elevated temperatures. The percent of the strength recovered is
proportional to the cross-link density. Additionally by adding Perkalink, an anti-
reversion agent, the cross-link density increases. The strength of NR sintered with
Perkalink was greater than the pure NR although the global maximum was not obtained.
This can also be seen in Figure 6.3 which shows the stress-strain curves for both NR
sintered with and without Perkalink. The stress-strain curve of the starting NR would lie
between the NR sintered and NR sintered with Perkalink, both molded at 180°C.
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Figure 6.3, Stress-Strain curves for the natural rubber in Figure 6.2
showing the effect of cross-link structure on the mechanical
properties. Solid curve represents NR sintered with Perkalink and
dotted curve represents the sintered rubber for 1 hour and at 1250 psi
at the reported temperature.
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6.2 SBR
Figure 6.4 shows the effect of the mechanical properties versus molding
temperature for SBR. The square points represent the heat-treated sheets and the
diamonds represent the sintered powder. The sintered parts and heat-treated sheets were
molded at 1250 psi (~8 MPa) for 1 hour. Figure 6.4 shows a decrease in the strength of
the heat-treated sheets as the molding temperature increases. The decrease in strength is
due to the change in the cross-link density. However, unlike NR, the cross-link density is
increasing and therefore falls off the other side of the maximum, ending up to the right of
the maximum, as shown in Figure 5.2.
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Figure 6.4, The effect of the swelling ratio (1/Q) on the strength of
black filler SBR. Squares represent the mechanical properties of the
heat-treated rubber from 160-260 at 20 degree increments. The
diamonds represent the strength of the sintered SBR from 160 to
260°C by 20 degree increments. Both are heat-treated for 1 hour and
at 1250 psi at the reported temperature. Temperature increases from
left to right in this figure.
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The strength of the sintered SBR increases at a constant cross-link density until
approximately 240°C. It is at this temperature and above that the cross-link density
begins to increase. The strength increases until the sintered curve intersects with the
heat-treated sheet curves. This is the same temperature range that Bellander et al.
reported as the autovulcanization temperature. At this intersection the sintered rubber
and heat-treated rubber are mechanically identical. The same rationale that was used for
predicting the percent retention of mechanical properties can be applied here. The
change in the rubber due to elevated temperatures can be seen during a swelling
experiment. Figure 6.5 shows the color change or amount of extractables in SBR. After
the high temperature cycle (vials B to C) the amount of extractables dramatically
increases. This is illustrated by the dark color change. Finally, the change in the cross-
link density can be shown via the stress-strain curves of SBR at various molding
temperatures as shown in Figure 6.6
Figure 6.5, Picture of the swelling behavior of SBR a) "As Received"
vulcanized at 160°C for 22 minutes and at 1250 psi, b) cryo-ground
vulcanized rubber (a), c) sintered rubber at 240°C for 1 hour and at
1250 psi, d) cryo-ground sintered rubber (c), d) second sintering of
SBR rubber. Note a heat-treated sheet would also have the dark color
as shown in c, d, and e.
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Figure 6.6, Stress-strain curves (for the same SBR shown in Figure
6.4) showing the effect of cross-link structure on the mechanical
properties. Solid curve represent SBR heat-treated for 1 hour and at
1250 psi and dotted curve represent the sintered rubber powder for 1
hour and at 1250 psi at the reported temperature.
6.3 Polysulfide Rubber
Figure 6.7 shows the effect of the mechanical properties versus molding
temperature for TR. The square points represent the heat-treated sheets and the diamonds
represent the sintered powder. The sintered parts and heat-treated sheets were molded at
1250 psi (~8 MPa) for 1 hour. Unlike the pervious results of NR and SBR, Thiokol
rubber recovers 100% of the starting properties. As the molding temperature is
increased, the cross-link density remains constant until ~160°C. At this temperature the
modulus begins to decrease through a reversion mechanism similar to NR. However,
there is a small processing window whereby the sintered material is equivalent to the
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starting material from
~140-160°C. Polysulfide rubbers were the model compounds that
Tobolsky and MacKnight used during their investigation of the chemical stress relaxation
phenomena. These rubbers exhibit an ideal behavior needed for sintering, as previously
shown in Figure 1.3. The continuous relaxation shows a very fast decay to zero with an
intermittent relaxation of one. In other words, the number of reactive sites reaches its
maximum quickly and all of these reactive sites react to form cross-links.
10
9
8
7
to 6
Q.
£ 5
O)
c
<D
t_
tn 4
3
2
1
0.55
0
Decrease
Cross-linking
Heat Treat Sheet
Sintered
Increase
Cross-linking
0.6 0.65
1/Q Crosslink Denisty
0.7 0.75
Figure 6.7, The effect of the swelling ratio (1/Q) on the strength of
black filler polysulfide. Squares represent the mechanical properties
of the heat treated rubber from 100-200 *C at 20 degree increments.
The diamonds represent the strength of the sintered SBR from 120 to
180°C by 20 degree increments. Both are heat-treated for 1 hour and
at 1250 psi at the reported temperature. Temperature increases from
right to left in this figure.
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6.4 Conclusions
It is possible for TR rubber to recover lOQo/o of the starting properties. However,
NR and SBR rubbers retain only
-60% of the starting properties. Generally, the 100%
modulus is proportional to the cross-link density. Therefore, the cross-link density ofNR
is monotonically decreasing while the cross-link density of SBR is monotonically
increasing above 230°C. TR has a constant modulus until a temperature of approximately
160°C (sulfur bonds begin to break @ 80°C) where reversion begins. Table 6.1 shows
the best overall mechanical properties obtained for these three rubber systems. These
results also show that by controlling the cross-link density (network structure), it would
be possible to engineer rubber to achieve 100% of the starting properties. This can be
done in many ways. One method, currently under investigation, is to use a ter-polymer of
styrene, butadiene, and isoprene. The isoprene units will act as a weak link and revert.
This reversion will lower the cross-link density while the butadiene segments will form
additional cross-links, thus increasing the cross-link density. If done correctly the two
reactions will cancel each other and there will be no change in the total cross-link density.
The cross-link density can also be controlled in NR by adding chemicals that will replace
cross-links such as sulfur and/or Perkalink 900.
Table 6-1, Mechanical properties of sintered TR, SBR, and NR
Rubber Type Virgin Virgin HPHTS HPHTS Retained Retained
Strength Elongation Strength Elongation Strength Elongation
(MPa) (%) (MPa)a (%)' (%) (%)
Bayer SBR 24 650 15 350 63 54
Acushnet Black NR b 13.0 c 250 c 9 220 70 88
Thiokol Polysulfidc 8 254 7.6 311 95 122
HPHTS - High-pressure high-temperature sintering (best properties obtained)
Sintered with Perkalink 900
Aproximate Starting Properties
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CHAPTER 7
UNIQUE RUBBER BLENDS
7.1 Fluoroelastomer and Natural Rubber
Finally, this technique is capable of creating some unique rubber blends, which
would be conventionally impossible to produce due to the incompatible nature of certain
rubbers. The technique of high-pressure high-temperature sintenng allows for the
blending of matenals that would normally phase separate in their uncross-hnked liquid
state. This is possible because sintenng occurs in the solid state and it does not allow for
any phase separation. It is as simple as mixing two powders together and sintenng them
at high-temperature and high-pressure. In this study, the two rubbers investigated are
natural rubber and Viton, a fluoroelastomer. These two rubbers are two of the most
difficult rubbers to blend due to their inherent differences in chemical backbone.
Nonetheless, the two powders are capable of sintering together without any loss in the
mechanical integrity. Figure 7.1 shows the mechanical properties of a blend of sintered
rubber powder. The mechanical properties of the blends fall between the mechanical
properties of the two pure materials. The size of the two phases is controlled by the
starting particle size (in this case -100 \im). Fluoroelastomers are typically used in high-
end applications due to their exorbitant costs. Viton typically has excellent thermal and
chemical resistance properties, which are much better than that of typical rubbers. A
blend of fluoroelastomers and natural rubbers would be much less expensive than would
pure fluoroelastomers. Therefore, the blends might have more applications due to their
less expensive cost.
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An excellent example of this trend was demonstrated experimentally by the
weight loss versus temperature, which was measured by TGA. The onset temperature of
decomposition of a blend ofFKM and GF was in between the two virgin materials.
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Figure 7.1, Mechanical properties of blends of GF-80 and FKM-150
sintered together at 200°C for 1 hour and at 1250 psi. Modulus
(squares) and strength (diamonds) are on the left axis and elongation
(triangles) is on the right axis.
7.2 Conclusions
Rubber sintering of blends is possible. Additionally, such a process may lead to
some very unique rubbers that are impossible to produce conventionally in typical rubber
vulcanization. An example of such a material may be a blend of butyl rubber and natural
rubber. Such a blend might have better mechanical properties than butyl rubber and
better oxygen permeability than natural rubber. Similar arguments can be made for
various other rubber blends with the goal being to obtain a unique blend of physical
properties unique to certain rubbers
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CHAPTER 8
SURFACE AND DENSITY
8.1 Experimental
SEM photographs were obtained using a JEOL 35CF. The images are of the
surfaee of the samples that are gold sputter eoated. The samples were fabneated in the
same manner as previously stated. The imerographs are representative of the surfaee
charaetensties. The density of the panels was measured using ASTM standard D792-86.
This standard is Archimedes principal of buoyaney were it is possible to obtain the
density from the weight in air and from the weight in water.
8.2 Surface Morphology of Sintered Rubbers
The surface morphology was obtained for molding conditions that are below the
critical temperature. The particle adhesion is less than the bulk strength and therefore
controls the mechanical properties. Figure 8.1 shows four SEM photographs of the
surface at a constant molding pressure (8 MPa) and a molding temperature (180°C) with
increasing molding time. As time increases both the amount and size of the voids
decrease. The decrease in amount and size of the voids is associated with the
consolidation of the rubber panels as shown in Figure 2.1. The longer times allow for
more interchange chemistry to occur. Thus the "sintering" of the rubber particles would
be increased. The same effect is shown in Figure 8.2 for molding temperature and in
Figure 8.3 for molding pressure.
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Figure 8.1, SEM photographs of the surface of GF-80 with the
Toatj t, 11"e *ncreasing left to right The GF-80 was sintered at18U C tor 1250 psi and the reported time.
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Figure 8.2, SEM photographs of the surface of GF-80 with the
molding temperature increasing from left to right. The GF-80 was
sintered for 1 hour at 1250 psi and the reported temperature.
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Figure 8.3, SEM photographs of the surface of GF-80 with the
molding pressure increasing from left to right. The GF-80 was
sintered for 1 hour at 200°C and the reported normal load.
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83 Density of Sintered Rubbers
It was also observed that this surface morphology/roughness could be seen from
the gloss of the surface. As the surface became shinier the mechanical properties
increased. This is the same effect shown in Figures 8.1 and 8.2. Industrially, this would
be an excellent non-destructive test that could be run in situ. Figures 8.4 and 8.5 shows
the influence of molding time and molding temperature on the specific gravity of the
molded SBR-80 rubber. In both cases, there is a linear increase of the specific gravity
with increasing molding time and molding temperature.
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Figure 8.4, The effect of molding temperature on the specific gravity
of sintered SBR-80 (Rouse Rubber) molded at 1 hour and at 8 MPa.
The density was measured using Archimedes principal.
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The linear increase in specific gravity- is associated with the consolidation of the rubber
panel as previously shown. At either short time intervals or at low temperatures the panel
will be sintered less when compared to panels made at longer time intervals or at higher
temperatures. Therefore, there will be an increase in both amount and size of voids. The
density is a measure of how well the rubber panel is consolidated.
1.153
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Time(hr)
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Figure 8.5, The effect of molding time on the specific gravity of SBR-
80 (Rouse Rubber) molded at 220°C and at 8 MPa. The density was
measured using Archimedes principal.
Figure 8.6 shows the effect of the specific gravity on the mechanical properties.
The data from the previous two figures collapses onto a plot of the specific gravity versus
strength and elongation at break. This result represents all molding temperatures, times,
and pressures attempted in this study. The molding variable superposition indicates that
there are many combinations of molding variables that will yield a given density. Since
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density is directly proportional to mechanical properties this supports the ti
temperature-pressure superposition relationship discussed in Chapter 3.
Elongation at Break(%)
0 H 1 1 1 [ 150
1 145 1.148 1.150 1.153 1.155
Specific Gravity
Figure 8.6, The effect of the specific gravity on the mechanical
properties of SBR-80 molded at 8 MPa and times varied from 1 - 7
hours and temperature varied from 190- 230°C. The strength
(diamonds) is on the left axis and the elongation (squares) is on the
right axis.
8.4 Conclusions
The consolidation of thermosets can easily be monitored by both the surface
characterization and the density measurements. As the molding properties increase the
rubbers become better consolidated. As the rubbers become better consolidated the
mechanical properties of the sintered rubber are increased. Such a technique would prove
to be extremely important as a method of quality control of recycling on an industrial
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scale. This trend holds true for all molding variables until the interface of the particles
are equivalent to the bulk properties.
These results also support the time-temperature-pressure superposition of the
mechanical properties. In other words, the mechanical properties are governed by the
voids in the material. As the number and size of the voids decrease, the mechanical
properties increase. The amount and size of the voids are controlled by the molding
variables.
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CHAPTER 9
SUMMARY
9.1 Conclusions
Since Goodyear's discovery of sulfur vulcanization, there have been many
attempts to recycle and reuse rubber. High-temperature high-pressure sintering
represents an Meal method for makrng value-added ™bber products from an endless
supply of startmg matenal (scrap tires). The molded rubber powders have good
mechanical properties that compare well with typical rubbers. A solid understanding of
the processing conditions, including the pressure-temperature-time superposition, has
been formulated. The mechanism of consolidation/particle adhesion is the makmg and
breaking of chemical bonds. Thus increases the chain mobility thus allowing the radicals
to cross the particle interface and to recombine. This process forms a chemical bond
across the interface and occurs within the bulk of the particles, but does not affect the
mechanical properties or particle adhesion (unless there is a change in the intermittent
relaxation modulus and hence total cross-link density). This process is known as
chemical stress relaxation and was studied by A.V. Tobolsky and W. J. MacKnight. It
was also discovered that the intermittent stress relaxation holds the key to rubber
sintering. If one had a rubber that has a constant modulus/cross-link density, it would
most likely yield 100% of the starting properties. The technique to make a sintered
rubber is very simple; however there are many variables that one needs to control to yield
a sintered rubber with excellent mechanical properties.
Additionally, a simple and easy quality control method based on density and
surface roughness was developed. Both of these tests are non-destructive. Such a
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method would prove extremely valuable when this is industrially scaled-up, since this
property could be measured in situ and therefore be correlated to the mechanical
performance.
Furthermore, it was shown that additives could dramatically affect the sintering
process. Additives that react with the rubber backbone as well as materials that react to
slow the reversion reactions have been shown to accelerate the process in NR. Such
studies may also reveal some insight into the mechanism of sulfur vulcanization which
today is still not 100% understood.
In conclusion, there are many types of applications where rubber articles made
from powders could be used. These include roofing material, sheeting, gaskets, o-rings,
shoes, some tires, and virtually any other application where rubber is currently used. We
are working on new approaches to make this technique continuous and to further
optimize the molding conditions. With the information discovered, it is up to the
recycling industry to adapt this technology and to help eliminate the problems associated
with tire disposal. This has begun to happen with a couple of local companies such as
Acushnet Rubber, Quabaug Rubber, and Polyroll Inc.
9.2 Future Work
Within the past three years there has been great accomplishments made in the
rubber sintering endeavor. Although with the many achievements made, there have been
a lot of questions left unanswered. These questions have led to many new directions.
Some of the future directions of rubber recycling should include:
• Designing of more recyclable rubber
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More additives that accelerate the sintering process
Revisiting the chemical stress relaxation
Asphalt modified rubbers
Other unique blends
Study of Model Compounds
Electron Spin Resonance
Alternative energy sources
As stated in chapter 5, the chemical stress relaxation plays an important role. By
controlling the intermittent stress relaxation it is possible to control the percent retention.
This can be done by controlling the chemistry of the rubber backbone (i.e. have isoprene
and butadiene). Therefore by revisiting the chemical stress relaxation it would be
possible to advance many of these new research fronts. Studying the intermittent stress
relaxation can help to evaluate additives that accelerate the underlying chemistries.
Additionally, this could help to find rubber architectures that could yield flat intermittent
stress relaxation curves with a value of 1.0. Finally, the chemical stress relaxation model
could be used to find the optimum processing conditions and find the conditions that will
yield the best mechanical properties.
On the other hand, we will be working with our many industrial partners to help
to industrialize this process. This includes more endeavors in processing and asphalt
modified rubbers. We have started a partnership with UMASS-Lowell to help in
studying the paste and ram extrusion of rubber powder.
Another area for future work is the blending of different types of rubber by
HPTHS. This technique produces a rubber but further characterization must be done to
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evaluate the performance of this rubber. For example does the Viton/NR blend have
good thermal resistance along with a cheaper cost? Will this work for other blends such
as butyl and natural rubber. Would this make an oxygen impermeable rubber with better
mechanical properties than butyl rubber?
With the information that is discussed in this thesis and the current understanding
of rubber sintering, it would be fruitful to investigate some model rubber compounds with
the aims to understand the effect of diene content, cross-link density, and cross-link
structure. With this information along with a complimentary electron spin resonance
(ESR) study at elevated temperatures many of these theories of rubber sintering could be
proven. Such a study may also prove interesting in helping to understand the mechanism
of rubber vulcanization as well as some different approaches to permanent set.
Finally, there will be an investigation into other energy sources that could
improve the mechanical properties. These energy sources would used to activate the
interchange chemistry instead of thermal energy. By using microwave and/or ultrasonic
energy it should be possible to tune the microwave energy to the bond energy of sulfur-
sulfur bonds. Additionally, mechanical shearing could be used to activate the chemistry
that promotes interparticle adhesion.
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APPENDIX A
HIGH PRESSURE HIGH TEMPERATURE POST TREATMENT OF FIBERS
Introduction
For many years, the mecharucal properties of fibers have been modified through a
heat and tenston post-treatment. The goal in polymenc systems was to increase the order
of the polymer chams that tends to lead towards high mecharucal propert.es. For
example a perfectly ordered PE cham has a theorefcal modnlns of
-250 GPa and tensile
strength of > 10 GPa (based npon an average of many models snch as bond stretchtng,
complex force Held, x-ray diffraction and molecular orbital). Many tunes the natural
draw ratio of the fiber is the luniting variable m how well oriented a fiber becomes. PET
is a great example of this srnce PET has very high theorefical mechanical property yet
typically it is only possible to achieve a fraction of these properties.
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High Pressure Annealing
A diagram of the experimental setup is shown in Figure A.l. Initially the pressure
was applied via silieon oil with a typieal high-pressure pump. The tension on the fiber
Apparatus Design
Pressure
Vessel
Oven Speed
Controller
Pressure
Generator
Figure A.l, Experimental diagram of the High-Pressure Treatment
Process. Spring is used to apply a normal force during the High-
Pressure Treatment. Temperature is controlled by an oven and
pressure by a hand pump.
was applied via a compressed spring. And the temperature was controlled via a high-
temperature controller with a moving oven. The project started with silicon oil as the
pressurizing media but it was discovered that the pressurized media plays a curial role.
Essentially at the high pressures the media can penetrate and swell the fiber. Because of
the very small diameter of high performance fibers, it was found that the high pressures
media could penetrate and swell the fiber. If the fluid can penetrate the fiber, it does not
"feel" the pressure since it is equilibrated with the pressurizing media. Many different
liquids were attempted from silicon oil to water to fluorinated liquids to gases. A list can
be found in Figure A.2 that shows the effect of these media on the stress-strain curve of
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PET fibers. The conditions of the experiment are 20.000 psi pressure, 1600 psi of stress
on the fiber for 20 minutes unless otherwise stated in the figure. As depicted in the figure
it is possible to obtain many different stress strain curve shapes, which may or may not
have some interesting real world applications.
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Figure A.2, The effect of the pressurizing media on stress-strain curve
for PET fiber. The media used for this figure are: water (open
squares), nitrogen gas (dotted and solid black line), silicone oil (line
with X), a rubber coated platen of a Carver Press (dash and dotted
line and triangles) and a fluoroliquid (open circles). The treatment
conditions are shown in the legend.
The initial work for this project looked at UHMWPE or Spectra. Figure A.
3
shows two typical stress-strain curves of an as-received fiber and one treaded at high-
pressure. For the conditions used there is a small increase in the modulus of the fibers
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and strength. The increase is independent on the pressurizing source (silicone oil, rubber
tube, rubber calendaring).
2500
0.5
As Received
Silicone Oil 15000psi 115C 7kg
Rubber Tube 101 119C
Rubber Calendering 119C
1.5 2.5
Strain (
3.5 4.5 5
Figure A.3, Stress-Strain curves for spectra fiber showing the effect of
various pressurizing media. Silicon oil (triangles), steel tube filled
with rubber (squares) and rubber coated calender (diamonds).
Figure A.4 shows a similar trend with PET fiber with varying molding
temperature. As the molding temperature increases, the modulus increases and the stress-
strain curve becomes more linear. Figure A. 5 shows the effect of pressure on the stress-
strain curve. The pressurized and temperature treated fibers typically show a higher
modulus as the treatment pressure increases.
130
1000
900
800
700
600
| 500
"c/T
£ 400
-*-129C
^148C
300
-6-158C
200 — 178C
100 -Q-192C
01
• i —
i
1—
,
—
-
— As Received
4 6 8 10
Strain(%)
Figure A.4, Stress-Strain curves for UHMWPE showing the effect of
treatment temperature. The pressurizing media was silicone oil and
the treatment pressure was 20,000 psi for 5-10 minutes with a 5 kg
tension.
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Figure A.5, Stress-Strain curves for PET, showing the effect of
treatment pressure. This was done using silicone oil as the
pressurizing media and a treatment temperature of 180°C for 5-10
minutes with a 1 kg tension.
Since all of the liquids attempted in this study, permeated into the fiber and
actually plastized the fibers instead of increasing the chain orientation the next logical
step was to apply a pressure with a solid. This was done by using a heavy walled steel
tube lined with rubber. By changing the temperature of this apparatus it is possible to
control the pressure on a fiber in the middle of this tube. This is possible because rubber
has a much greater thermal expansion coefficient than steel and therefore wants to
expand however the steel does not allow this to happen and the rubber expands to fill the
void. After this is filled the rubber actually applied a pressure to the fiber. With heat
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treatment temperature around 200°C it is possible to generate fairly high pressure
-10,000 psi. The effect of the mechanical properties of PET using this method of
applying pressure is shown in Figure A.2 label Carver Press. It shows the most linear
stress strain curve and this is most likely from the additional order/chain orientation
added to the system. While performing some control experiments to determine the
pressure applied in the hole, it was noticed that the hole would actually disappear after
the 1 hour 200°C cycle. This is the basis of the rubber sintering/recycling work of this
thesis.
Constrained DSC Experiments
During the high-pressure treatment of fibers, DSC was done for fibers under
tension. The results are dramatically different than the unconstrained fibers. The melting
point of the fibers increases by ~10°C for PE, PET, and nylon. This effect is shown for
Spectra fiber in Figure A.6, as well as Figure A.7 for PET. The effect of constraint on the
DSC is independent of heating rate as shown in Figure A.8. This phenomenon of
constrained fibers allow for some interesting processing possibilities such as the work
done in our group on Pressure Sintering of Spectra Fibers into unicomponent composites
and this work of high-pressure treatments of fibers.
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Figure A.6, DSC on spectra fibers showing the effect of constrained
geometries on the melting endoderm. Dotted curve represent the non-
constrained DSC. Solid curve represent a heating scan of the fiber
held in a constrained geometry.
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on
Figure A.7, DSC of PET showing the effect of constrained geometries
on the melting endoderm. The dotted curve represents the non-
constrained DSC. Solid curve represents a heating scan of the fiber
held in a constrained geometry.
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Figure A.8, The effect of the DSC heating rate on the melting peak
position of both constrained (triangles) and unconstrained (squares)
PET fibers.
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